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EXECUTIVE	SUMMARY

Aerial	applicaVon	of	dispersants	is	an	important	tool	used	to	respond	to	oil	spills	both	in	coastal	waters	and	in	
the	deeper	waters 	of 	the	Outer	ConVnental 	Shelf. 	A	number	of	tools	currently 	exist 	for	aerial 	dispersant	
planning	such	as	the	pesVcide	spray	tools	AGDISP	and	AgDRIFT.	These	tools	have	previously	been	used	in	oil	
spill 	response	operaVons,	however	they	were	not	developed	for	use	in	such	scenarios.	There	is	a	need	to	
improve	upon	the	exisVng	tools	(such	as	AGDISP	and	AgDRIFT)	to	enable	applicaVon	to	the	equipment	and	
missions	typical	of	oil	spill	dispersant	spraying	missions	rather	than	agricultural	equipment	and	missions.	The	
key	differences	between	these	two	applicaVons	include	aircraF	alVtude,	the	scale	of	the	spraying	operaVons	
and	the	specific	aircraF	used.

AMOG 	was 	 contracted 	 by 	 the 	Bureau 	of 	 Safety 	 and 	 Environmental 	 Enforcement 	 (BSEE) 	 under 	 Contract	
Number	E15PC00015	to	develop	a	Decision	Support	Tool	(DST)	to	assist	planners	in	idenVfying	operaVonal	
windows	and	safety	setback	distances	based	on	forecast	meteorological	condiVons,	spray	driF	paWern,	aircraF	
types	and	release	rates.	This	report	details	the	results	of	the	studies	undertaken	under	contract	E15PC00015	
and	the	development	of	the	DST	soFware.

Parameters	that	the	tool	sought	to	incorporate	include:

● An	inventory	of	aircraF	likely	to	be	used	in	the	response.

● The	dispersion	characterisVcs	of	the	dispersants	used	(i.e.	droplet	size	distribuVon).

● The	characterisVcs	of	spray	equipment	employed.

● The	forecast	weather	condiVons	to	occur	within	the	target	area.

To	facilitate	the	development	of	the	DST,	AMOG:

1. Executed	a	data	gathering	campaign	which	involved	engagement	with	a	number	of	Oil	Spill	Removal	
OrganizaVons 	 (OSROs) 	and 	 industry 	stakeholders. 	While 	 this 	work 	was 	hampered	by 	ongoing 	 legal	
acVon,	a	Requirements	SpecificaVon	(included	as	Appendix	C	to	this	document)	was	developed	which	
describes	the	funcVonal	requirements	of	the	DST.

2. Conducted	a	high	level	capability	review	 of 	exisVng	aerial 	dispersion	modeling	tools 	to	determine	
which	tools	have	the	funcVonality	to	model	the	aerial	release	of	spray	dispersant	in	an	offshore	oil	spill	
response	operaVonal	context.	AGDISP	was	idenVfied	as	the	most	appropriate	exisVng	regulatory	model	
for	predicVng	the	extent	of	aerial	spray	driF.

3. Assessed 	 the 	 performance 	 of 	 AGDISP 	 for 	 predicRng 	 extent 	 of 	 driD 	 in 	 offshore 	 operaRons 	by	
developing	ComputaVonal	Fluid	Dynamic	(CFD)	models	of	representaVve	oil	spill	response	aircraF.	The	
CFD	models	facilitated	the	examinaVon	of	the	effects	of	the	combinaVon	of	environmental	condiVons	
likely	to	be	experienced	by	the	aircraF	coupled	with	the	specific	configuraVon	of	the	aircraF/dispersal	
system	geometry	(such	as	nozzle	configuraVons).	The	results	from	the	CFD	models	were	compared	with	
AGDISP	in	order	to	idenVfy	condiVons	in	which	the	exisVng	modeling	tools	do	not	provide	accurate	
results.	

The	high	fidelity	CFD	study	found	that 	 for 	some	aircraF, 	AGDISP	does 	not	capture	 important	flow	
features	and	therefore	under	predicted	the	extent	of	spray	driF.	Specifically	for	each	airframe	the	
following	was	found:	
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3.i. AGDISP	is	a	suitably	conservaVve	tool	for	modeling	the	lateral	driF	extent	of	dispersant	sprayed	
from	an	Air	Tractor	AT-802A.	The	DST	uses	AGDISP	results	to	esVmate	the	extent	of	spray	driF	for 	
this	aircraF.

3.ii. The	simplificaVons	inherent	in	AGDISP	(in	parVcular	the	omission	of	fuselage	wake	effects)	result	in	
an	inability	to	accurately	characterize	the	near	field	behavior	of	dispersant	sprayed	from	a	Lockheed	
C-130A. 	This 	 inaccuracy 	can 	be 	corrected 	 for 	by 	applying 	a 	 correcVon	 factor 	derived 	 from	the	
difference 	between 	 the 	CFD	and 	AGDISP 	results. 	The	DST 	uses 	 the 	 factored 	AGDISP 	results 	 to	
esVmate	the	extent	of	spray	driF	for	this	aircraF.

3.iii. AGDISP	is	unable	to	accurately	represent	the	spray	release	from	the	DC-3,	owing	to	the	presence	of	
main	wing	flap	vorVces	which	are	not	modeled	in	AGDISP	and	close	proximity	of	spray	nozzles.	The	
DST	uses	the	results	from	the	CFD	models	(as	extended	by	a	Lagrangian	parVcle	calculaVon)	to	
esVmate	the	extent	of	spray	driF	for	this	aircraF.

3.iv. AGDISP	is	unable	to	accurately	represent	the	spray	release	from	the	over	wing	arrangement	used	on	
the	DC-4.	The	DST	uses	the	results	 from	the	CFD	models	(as	extended	by	a	Lagrangian	parVcle	
calculaVon)	to	esVmate	the	extent	of	spray	driF	for	this	aircraF.

4. Developed 	 a 	 Decision 	 Support 	 Tool	 based 	 on 	 the 	 outcomes 	 of 	 the 	 CFD 	 study 	 and 	 using 	 the	
methodology	idenVfied	for	each	airframe	to	esVmate	the	extent	of	dispersant	spray	driF.

The	decision	support	tool	was	developed	with	a	modular	architecture	based	on	a	simple	database	
structure	combined	with	a	surface	fiXng	algorithm.	This	structure	allows	rapid	computaVon	Vme	while	
facilitaVng	the	future	expansion	of	the	inventory	of	aircraF	and	spray	systems.

The	following	conclusions	are	made	as	a	result	of	the	work	undertaken	during	the	project:

1. A	Decision	Support	Tool	has	been	developed	which	meets	the	requirements	idenVfied	during	
the	stakeholder	engagement	phase	of	the	project.	

2. Of	the	exisVng	regulatory	models	used	to	predict	the	aerial	extent	of	spray	driF,	AGDISP	was	
idenVfied	as	the	most	appropriate	for	use	in	offshore	applicaVons

3. High	fidelity	CFD	models	were	developed	and	used	to	predict	the	dispersant	spray	driF.	The	
following	major	findings	were	made	as	a	result	of	the	CFD	modeling	acVviVes:

3.i. QualitaVve	validaVon	of	the	results	showed	that	the	CFD	models	captured	the	significant	
flow	structures	affecVng	the	dispersant	trajectories.

3.ii. Flap	vorVces	and	fuselage	wake	were	found	to	have	a	significant	effect	on	the	dispersant	
spray	driF	for	the	C-130A,	DC-3	and	DC-4.	These	effects	are	widely	acknowledged	features	
of	the	wake	generated	by	aircraF,	but	have	not	previously	been	studied	with	regard	to	
their	effect	on	dispersant	spray	driF.

3.iii. For 	AT-802A	and	C-130A	the 	wind	angle 	did 	not 	significantly 	affect 	 the 	total 	distance	
travelled	by	spray	driF.	As	such,	for	wind	direcVons	outside	the	allowable	input	range	of	
AGDISP,	spray	driF	can	be	predicted	on	the	basis	of	post-processed	AGDISP	extents.

3.iv. A 	 set 	 of 	 AGDISP 	 input 	 parameters 	 was 	 developed 	 which 	 provided 	 appropriately	
conservaVve	esVmates	of	spray	driF	for	the	C-130A	and	the	AT-802A.
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4. The	high	fidelity	CFD	study	found	that	for	some	aircraF,	AGDISP	was	not	capturing	important	
flow	features	and	was	under	predicVng	the	extent	of	spray	driF.	Specifically	for	each	airframe	
the	following	was	found:	

4.i. AGDISP	is	a	suitably	conservaVve	tool	for	modeling	the	driF	extent	of	dispersant	sprayed	
from	an	Air	Tractor	AT-802A.	The	DST	uses	AGDISP	results	to	esVmate	the	extent	of	spray	
driF	for	this	aircraF.

4.ii. The	simplificaVons	inherent	in	AGDISP	(in	parVcular	the	omission	of	fuselage	wake	effects)	
result 	 in 	 an 	 inability 	 to 	 accurately 	 characterize 	 the 	 near 	field 	 behavior 	of 	 dispersant	
sprayed	from	a 	Lockheed	C-130A. 	This 	 inaccuracy	can	be	corrected	 for 	by	applying 	a	
correcVon	factor	derived	from	the	difference	between	the	CFD	and	AGDISP	results.	The	
DST	uses	the	factored	AGDISP	results	to	esVmate	the	extent	of	spray	driF	for	this	aircraF.

4.iii. AGDISP	is	unable	to	accurately	represent	the	spray	release	from	the	DC-3,	owing	to	the	
presence	of	main	wing	flap	vorVces,	which	are	not	modeled	in	AGDISP	and	their	relaVve	
proximity	to	spray	nozzles.	The	DST	uses	the	results	from	the	CFD	models	(as	extended	by	
a	Lagrangian	parVcle	calculaVon)	to	esVmate	the	extent	of	spray	driF	for	this	aircraF.

4.iv. AGDISP 	 is 	 unable 	 to 	 accurately 	 represent 	 the 	 spray 	 release 	 from 	 the 	 over 	 wing	
arrangement	used	on	the	DC-4,	and	the	resulVng	inaccuracy	cannot	be	corrected.	The	DST	
uses	the	results	from	the	CFD	models	(as	extended	by	a	Lagrangian	parVcle	calculaVon)	to	
esVmate	the	extent	of	spray	driF	for	this	aircraF.

5. The	DST	predicts	driF	extents	for	each	of	the	four	aircraF	modeled	which,	parVcularly	in	
headwind	condiVons,	are	significantly	less	than	the	setback	distances	which	have	been	used	
in	previous	oil 	spill 	 response	campaigns.	The	maximum	(i.e. 	crosswind) 	setback	distances	
were	found	to	be:

5.i. DC-3	–	10,550	feet;

5.ii. DC-4	–	8,250	feet;

5.iii. C-130A	–	7,400	feet;	and

5.iv. AT-802A	–	2,650	feet.

6. The 	DST 	accounts 	 for 	 the 	effects 	of 	wind 	 strength 	and 	direcVon 	such 	 that, 	 in 	 favorable	
condiVons	(i.e.	lower	wind	strength),	setback	distances	may	be	defined	which	are	significantly	
lower	than	those	which	have	been	previously	used.	

7. Significant 	 differences 	 exist 	 between 	 the 	 predicted 	 driF 	 extents 	 for 	 the 	 four 	 airframes	
considered. 	While 	 the 	 low	driF 	extents 	 for 	 the 	AT-802A	are 	 largely 	driven 	by 	 the 	 lower	
alVtude	used	in	modeling	that	aircraF	(50	feet	vs	100	feet	for	the	other	three	aircraF),	the	
differences 	between 	the	DC-3, 	DC-4 	and 	C-130A	are 	 influenced	by 	a 	number 	of 	 factors,	
including	aircraF	weight,	flap	configuraVons	and	spray	boom	length.	The	use	of	long	spray	
booms	on	the	DC-3,	which	inject	dispersant	 into	the	airflow	in	the	vicinity	of	the	wingVp	
vorVces,	is	likely	to	influence	the	large	driF	extents	predicted	for	the	DC-3.	
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1 INTRODUCTION

Aerial	applicaVon	of	dispersants	is	an	important	tool	used	to	respond	to	oil	spills	both	in	coastal	
waters	and	in	the	deeper	waters	of	the	Outer	ConVnental	Shelf.	A	number	of	tools	currently	exist	for	
aerial	dispersant	planning	such	as	the	pesVcide	spray	tools	AGDISP	and	AgDRIFT.	These	tools	have	
previously	been	used	in	oil	spill	response	operaVons,	however	they	were	not	developed	for	use	in	
such	scenarios.	There	is	a	need	to	improve	upon	the	exisVng	tools	(such	as	AGDISP	and	AgDRIFT)	to	
enable	applicaVon	to	the	equipment	and	missions	typical	of	oil	spill	dispersant	spraying	missions	
rather 	 than 	 agricultural 	 equipment 	 and 	 missions. 	 The 	 key 	 differences 	 between 	 these 	 two	
applicaVons	include	aircraF	alVtude,	the	scale	of	the	spraying	operaVons	and	the	specific	aircraF	
used.

AMOG	has	been	contracted	by	the	Bureau	of	Safety	and	Environmental	Enforcement	(BSEE)	under	
Contract 	Number 	E15PC00015 	 to 	develop 	a 	Decision 	 Support 	 Tool 	 (DST) 	 to 	 assist 	 planners 	 in	
idenVfying 	operaVonal 	windows 	and	safety 	 setback 	distances 	based 	on	 forecast 	meteorological	
condiVons,	spray	driF	paWern,	aircraF	types	and	release	rates.

To	facilitate	the	development	of	the	DST,	AMOG	has	developed	ComputaVonal	Fluid	Dynamic	(CFD)	
models	of	representaVve	oil	spill	response	aircraF.	The	CFD	models	facilitated	examinaVon	of	the	
effects 	of 	 the 	combinaVon	of 	environmental 	condiVons	 likely 	 to 	be	experienced	by	the	aircraF	
coupled	with	the	specific	configuraVon	of	the	aircraF/dispersal	system	geometry	(such	as	nozzle	
configuraVons).	The	results	from	the	CFD	models	were	then	compared	with	the	exisVng	inventory	of	
dispersion	models	 in	order	to	idenVfy	condiVons	in	which	these	exisVng	models	do	not	provide	
accurate 	 results. 	 This 	 determined 	 the 	 suitability, 	 or 	 otherwise, 	 of 	 the 	 exisVng 	 models 	 for	
incorporaVon	into	the	DST.	

1.1 BACKGROUND

During	the	response	to	an	oil	spill,	spray	dispersants	are	employed	to	break	up	the	oil	into	smaller	
droplets	to	allow	it	to	beWer	mix	with	water.	During	the	iniVal	response	to	the	Deepwater	Horizon	
spill,	aircraF	from	the	910th	AirliF	Wing	conducted	a	5-week	deployment	spraying	30,000	acres	with	
149,000	gallons	of	dispersant	in	92	sorVes	(Davis,	2010).	The	aircraF	operated	by	910th	AirliF	Wing	
(C-130H	with	the	Modular	Aerial	Spray	System)	were	amongst	the	inventory	of	aircraF	likely	to	be	
involved	in	the	spill 	 response,	however	other	aircraF	exist	 in	the	 inventories	of	private	Oil 	Spill	
Removal	OrganizaVons		(OSROs).		

1.1.1 Regulatory	Environment

MulVple	federal	regulaVons	have	been	promulgated	requiring	faciliVes	to	prepare	oil	spill	response	
plans	(33	CFR	154,	2016; 	33	CFR	154,	2016)	as	part	of	the	broader	NaVonal	ConVngency	Plan	(40	
CFR	300, 	2016). 	 In 	parVcular, 	BSEE	receives	those	response	plans	prepared	for 	 faciliVes	 located	
seaward	of	the	coastline 	(33	CFR	154,	2016),	however	these	plans	must	be	consistent/integrated	
with	the	applicable	Area	ConVngency	Plan.	With	response	plans	prepared	for	compliance	with	the	
regulaVons,	there	exists	an	expectaVon	of	rapid	deployment	of	dispersants	via	fixed-wing	plaUorms	
in	areas	where	pre-authorizaVon	of	dispersant	use	is	implemented 	(33	CFR	154, 	2016). 	Figure	1	
shows	the	various	relaVonships	between	these	plans.
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Figure	1	:	RelaVonships	between	oil	spill	response	plans	as	required	by	regulaVons	(40	CFR	300,	
2016)

As 	offshore 	oil 	 and 	gas 	developments 	are 	oFen 	sited 	 in 	 challenging 	environments 	 in 	 terms 	of	
environmental 	 condiVons, 	 the 	 meteorological 	 environment 	 in 	 the 	 response 	 area 	 may 	 be	
problemaVc 	 for 	 conducVng 	aerial 	 spray 	 campaigns 	 in 	 terms 	of 	adverse 	wind 	 speed, 	 sea 	 state,	
visibility,	ceiling	height,	etc.	In	parVcular,	as	response	Vmes	typically	require	delivery	of	minimum	
quanVVes	of	dispersant	within	a	7	to	12	hour	window	(33	CFR	154,	2016;	US	Coast	Guard,	2013a),	
understanding	the	pracVcality	of	these	responses	is	important	in	ensuring	the	safety	of 	personnel	
during	the	iniVal	phases	of	the	oil	spill	response.

1.1.2 Planned	Future	Role	For	Aerial	Dispersant

Significant 	 interest 	 in 	developing 	aerial 	plaUorms	 for 	oil 	 spill 	 response	developed 	 following 	 the	
Macondo/Deepwater	Horizon	spill.	An	internaVonal	Joint	Industry	Project	(JIP)	on	Oil	Spill	Response	
sought	to	idenVfy	future	plaUorms	capable	of	acVng	as	global	first	response	assets	in	the	event	of	
future	spills	(IPIECA-OGP,	2012).	As	a	result,	it	has	been	idenVfied	that	higher	speed,	more	efficient	
aircraF	will	be	required	in	the	future	to	allow	for	oil	spill	response	to	be	met	using	fewer	aircraF.	In	
response	to	the	findings	of	the	JIP,	a	Boeing	727	modified	to	allow	aerial	spraying	is	currently	under	
development	by	Oil	Spill	Response	Limited,	based	in	the	UK	(see	Figure	2	[8]).	
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Figure	2	:	Oil	Spill	Response	Limited's	Boeing	727	Dispersant	PlaUorm	Under	Development	(Oil	Spill	
Response	Limited,	2013)

1.1.3 Current	State	Of	Knowledge

1.1.3.1 ExisAng	Aerial	Spray	Dispersion	Models

The	majority	of	exisVng	spray	dispersant	models	are	focused	on	agricultural	or	forestry	management	
applicaVons	where	the	chemical	sprays	are	herbicides	and	pesVcides.	The	most	relevant	examples	of	
an	exisVng	tool	within	the	US	model	inventory	are	AGDISP	and	AgDRIFT,	originally	developed	by	the	
Forestry 	 Service 	 to 	 assist 	 with 	 assessing 	 the 	 driF 	 of 	 pesVcides 	 associated 	 with 	 aerial 	 spray	
campaigns.

Literature	surveys	indicate	that	AGDISP	and	similar	tools	have	some	limitaVons	with	respect	to	non-
linear	fluid	dynamics	caused	by	the	interacVon	of	the	aircraF's	wake	and	crosswinds	that	may	be	
present 	 in 	 the 	 dispersal 	 area 	(Ryan, 	 Gerber, 	 & 	 Holloway, 	 2013). 	 This 	 interacVon 	 results 	 in 	 a	
significant 	 alteraVon 	of 	 the 	wake 	 structures 	 such 	as 	wingVp 	vorVces 	 and 	propeller 	wash. 	 The	
crosswind	can	cause	the	droplets	to	be	entrained	in	the	wingVp	vorVces,	influencing	the	resultant	
dispersal	paWern	as	shown	in	Figure	3.
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Figure	3	:The	influence	of	crosswinds	on	the	aircraF	wake	
The	plots	indicate	the	influence	of	crosswinds	on	(leF)	the	wake	structure	behind	an	aircraF,	
indicated	by	velocity	vectors	and	contours	of	turbulence	length	scale,	and	(right)	the	predicted	

droplet	posiVon	behind	the	aircraF,	entrained	into	the	Vp	vorVces	(Ryan	et	al.,	2013)

A	recent	study	(Ryan	et	al.,	2013)	demonstrated	that	CFD	may	be	used	for	the	invesVgaVon	of	this	
effect,	and	provides	a	basis	in	the	literature	in	support	of	this	approach.	

Although	current	tools,	such	as	AGDISP	and	AgDRIFT	(US	EPA,	n.d.),	Offshore	and	Coast	Dispersion	
Model	(OCD),	Calpuff	and	Aermod	(US	EPA,	2016a)	are	capable	of	predicVng	the	extents	of	aerial	
spray	dispersion,	their	use	for	rapid	deployment	is	limited	by	the	expert	knowledge	required	in	their	
operaVon.	These	tools	rely	on	the	user	having	sufficient	knowledge	and/or	prior	understanding	in	
order	to	be	used	effecVvely.	For	instance,	some	tools	require	understanding	of	the	behavior	of	the	
dispersant	being	released	from	the	aircraF	to	allow	the	use	of	generic	source	types	(i.e.	point,	line,	
area	and/or	volume	sources)	to	replicate	the	spray	dispersion	paWern.	

Whilst	field	trials	have	been	undertaken	to	provide	this	underlying	knowledge,	it	has	been	idenVfied	
that	this	limited	field	trial	data	is	insufficient	in	characterizing	the	driF	associated	with	the	aerial	
release	of	sprays,	parVcularly	in	cross-wind	condiVons	(Ryan	et	al.,	2013).
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1.1.3.2 Dispersant	Mission	Planner	2

The	exisVng	NaVonal	Oceanic	and	Atmospheric	AdministraVon	(NOAA)	developed	response	planning	
tool 	Dispersant	Mission	Planner	2	 (DMP2)	allows	for 	the	rapid	esVmaVon	of 	the	EffecVve	Daily	
ApplicaVon 	CapaciVes 	 (EDAC) 	 as 	well 	 as 	 general 	 performance 	esVmates 	 for 	 the 	applicaVon 	of	
dispersants. 	However, 	 the 	performance	esVmates 	rely 	on	efficiency	esVmates	based	on	data 	of	
varying 	degrees 	of 	applicability. 	 Level	1 	data 	 is 	based	on	field 	 trial 	data 	or 	fixed	design 	values.	
Levels	2	and	3	are	esVmates	based	on	operator	experience,	reasonable	engineering	calculaVon	or	
performance	of	similar	systems,	as	shown	in	Figure	4.	

Currently	the	capabiliVes	of	DMP2	are	useful	at	esVmaVng	EDAC	and	response	Vme	based	on	these	
general	aircraF	capabiliVes	to	demonstrate	first	response	capability	by	OSROs.	It	is	also	currently	
used	by	the	Coast	Guard	in	the	classificaVon	of	OSROs	(US	Coast	Guard,	2013a;	Benggio,	2009).	

Figure	4	:	AircraF	capability	form	incorporated	into	DMP2	(Benggio,	2009)
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1.2 OBJECTIVES

The	objecVve	of	this	package	of	work	was	the	producVon	of	a	soFware	tool	which	is	capable	of	
achieving	two	key	funcVons:

1. Determining	operability	windows	for	aircraF	spray	missions	based	upon	the	rapid	evaluaVon	
of	forecast	and/or	measured	meteorological	condiVons	over	the	response	area.

2. Determining	the	maximum	extent	of	dispersant	driF	based	on	environmental	condiVons	at	
the	site.	As	a	minimum,	to	protect	the	safety	of	workers	on	response	vessels	in	the	field,	the	
tool	needs	to	be	capable	of	providing	input	into	the	decision	for	establishing	the	minimum	
safe	setback	distance	from	the	aerial	dispersant	operaVons.
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• The	NaVonal	Oceanic	and	Atmospheric	AdministraVon	(NOAA)

• Oil	Spill	Response	Limited

1.4 DOCUMENT	LAYOUT

This	document	is	structured	as	follows:

● SecVon	2	presents	a	descripVon	of		the	methodology	used	to	execute	the	project;

● SecVon	3	presents	a	descripVon	of	the	Decision	Support	Tool;	

● SecVon 	4 	presents 	a 	high 	 level 	 capability 	 review	and 	 selecVon 	of 	 an 	exisVng 	 regulatory	
dispersion	model;

● SecVon	5	presents	details	of	the	DST	soFware	development;	

● SecVon	6	presents	the	conclusions	of	this	work;	

● SecVon	7	presents	the	recommendaVons	arising	from	this	project;
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● SecVon	8	presents	the	references	used	in	this	document;

● Appendix	A	contains	the	DST	User	Manual;	

● Appendix	B	contains	a	comprehensive	summary	of	the	CFD	analysis	conducted	in	this	study;	
and

● Appendix	C	contains	the	DST	SoFware	Requirements	SpecificaVon.
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2 EXECUTION	METHODOLOGY

In	order	to	deliver	a	DST	capable	of	determining	the	extent	of	dispersant	driF,	the	project	was	
broken	into	three	disVnct	phases,	as	shown	in	Figure	5.	In	Phase	1,	a	Requirements	SpecificaVon	
(AMOG	ConsulVng	Inc.,	2016a)	was	developed	which	details	the	DST	requirements	and	operability	
limits	as	idenVfied	through	a	stakeholder	engagement	process.

Phase 	2 	was 	 the 	 intermediate 	phase 	 of 	 the 	 support 	 tool 	 development 	 process, 	whereby 	CFD	
modeling 	 was 	 used 	 to 	 determine 	 the 	 suitability 	 of 	 exisVng 	 airborne 	 dispersion 	 models 	 for	
incorporaVon	into	the	tool.	This	involved	a	source	characterizaVon	of	the	dispersant	spray	suitable	
for	 input	into	tradiVonal	dispersion	models	(Work	Pack	2)	and	the	evaluaVon	of	the	CFD	model	
results	as	compared	to	real	world	imagery	and	data	(Work	Pack	3).

Phase	3	consVtuted	the	development	of	the	DST	itself.	In	order	to	meet	the	requirements	idenVfied	
in 	Phase 	1 	 the 	DST 	was 	developed 	using 	 results 	 from	 the 	evaluaVon 	of 	 the 	exisVng 	Airborne	
Dispersion	Models	(AgDRIFT	and	AGDISP)	against	the	validated	CFD	results	obtained	in	Phase	2.

Figure	5	:	Overall	Project	ExecuVon	Methodology

2.1 PHASE	1

2.1.1 Work	Package	1:	Development	Of	Operability	Criteria

This 	work 	package 	was 	 focused 	on 	developing 	 a 	 thorough 	operaVonal 	understanding 	of 	 aerial	
dispersant	spray	campaigns.

2.1.1.1 Task	1:	ConsideraAon	Of	OperaAonal	Aspects	

This	task	involved	the	engagement,	in	the	form	of	a	stakeholder	survey,	of	organizaVons	both	private	
and 	public 	 likely 	 to 	be 	 involved 	 in 	 the 	execuVon 	of 	 aerial 	 spray 	 campaigns 	during 	 future 	 spill	
responses.	The	outcome	from	this	acVvity	was	the	consolidaVon	of	the	stakeholders'	inputs	and	the	
development	of	a	list	of	operability	requirements,	including	parameters	affecVng	the	safe	conduct	of	
flight	operaVons.

The	requirements	extracted	fall	broadly	into	two	categories:

● AircraF	spray	dispersant	operability	limits.	These	define	limiVng	condiVons	based	on	either:

● safe	to	conduct	spraying	missions;	or
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● effecVve	to	conduct	spraying	missions.

● The	response	management	team's	requirements	for	a	decision	support	tool:	these	were	used	
to	define	the	requirements	needed	by	the	personnel	managing	the	response	to	a	spill	in	the	
response	planning	tool,	with	parVcular	regard	to:

● defining	requirements	such	as	expected	soluVon	Vme	and	required	input	data	formats;	
and

● prioriVzing	requirements	and/or	features.

The	approach	to	achieving	these	goals	consisted	of	the	following	broad	tasks:

1. IdenVficaVon 	 of 	 stakeholders 	 relevant 	 to 	 the 	 management 	 of 	 aerial 	 spray 	 dispersant	
responses.	These	included:

1.i. Private	Oil	Spill	Removal	OrganizaVons	(OSROs)	which	provide	aerial	dispersant	response	
capability;

1.ii. US	Agencies	which	may	provide	aerial	dispersant	response	capability;

1.iii. US 	 Agencies 	 which 	 will 	 provide 	management/coordinaVon 	 of 	 the 	 oil 	 spill 	 response	
operaVon	in	the	event	of	a	spill;	and

1.iv. US 	Agencies 	which 	may 	 rely 	on 	 the 	outputs 	of 	 this 	 tool 	 for 	 the 	purposes 	of 	Facility	
Response	Plan	verificaVon.

2. Development	of	surveys	depending	on	stakeholder	role	in	oil	spill	response,	namely:

2.i. A 	 specific 	 survey 	 for 	 those 	 stakeholders 	 providing 	 an 	 operaVonal 	 capability 	 such 	 as	
operaVon	of	a	spray	plaUorm;	and

2.ii. A	specific	survey	for	those	stakeholders	coordinaVng	and/or	managing	the	response	of	
mulVple	operaVonal	agencies.

3. IniVal 	 telephone 	discussions 	with 	 stakeholders 	 staVng 	 the 	 nature 	 of 	 the 	project 	 and 	 its	
purpose	followed	by	a	request	to	parVcipate	in	the	survey.

4. CompilaVon	of	all	survey	results	into	the	categories	idenVfied	above.

2.1.1.2 Task	2:	CollaAon	Of	Operability	Requirements	As	A	Requirement	SpecificaAon

Following	Task	1,	the	idenVfied	requirements	were	ranked	and	appropriately	prioriVzed,	and	inter-
relaVonships	between	the	requirements	 idenVfied. 	PrioriVzaVon	of 	the 	operability	requirements	
was 	 arVculated 	 in 	 terms 	 of 	 large-scale 	 and 	 local-scale 	 requirements 	 to 	 assist 	 in 	 their 	 use 	 as	
screening	tools.

To	ensure	prioriVzaVon	of	these	requirements	met	the	needs	of	the	stakeholders,	a	workshop	was	
held	at	the	BSEE	offices	in	Virginia	to	allow	the	requirements	list	to	be	discussed	and	prioriVzed	such	
that	a	single,	consolidated	list	could	be	developed,	inter-dependencies	idenVfied	and	stakeholders	
given	the	opportunity	to	reach	agreement	prior	to	finalizaVon.	
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The	workshop	provided	an	opportunity	for	parVcipants	to	provide	input	and/or	comment	on	the	
program	of	works	being	conducted,	rather	than	seeking	to	gather	the	parVcipants	to	answer	a	set	of	
formaWed	quesVons.

2.1.2 Outcomes	Of	Phase	1

The	final	outcome	of	Phase	1	were	a	consolidated	list	of:

● Operability	requirements	for	the	conduct	of	spray	missions	such	as:

○ Permissible	wind	condiVons;

○ Permissible	sea	states.

● AircraF	operaVonal	parameters	such	as:

○ AircraF	fleet	composiVon,	including	manufacturer,	type,	spray	system,	ownership	type	(i.e.	
private	vs	public	asset);

○ ApplicaVon	parameters	such	as	applicaVon	speed,	applicaVon	height,	etc.

● Decision	Support	Tool	requirements,	such	as:

○ Environmental	 input	data	requirements	such	as	real-Vme	meteorological 	measurement	
data,	meteorological	and	oil	spill	dispersion	forecasts	data;

○ AircraF 	 input 	data 	 requirements 	such 	as 	available 	aircraF, 	aircraF	type, 	 spray 	system	
installed,	storage	capacity;

○ Output	data	requirements	such	as	extent	of	spray	driF,	buffer	zone	recommendaVons	for	
response	vessels;

○ PotenVal	for	integraVon	with	other	tools	such	as	DMP2.

The	Requirements	SpecificaVon	(included	as	Appendix	C	to	this	document)	details 	the	idenVfied	
requirements.

2.2 PHASE	2

In 	Phase	2, 	CFD	modeling	was	used	to	determine	the 	suitability	of 	exisVng	airborne	dispersion	
models	for	incorporaVon	into	the	DST.	This	consisted	of	two	work	packages:

1. Work	Package	2:	Develop	numerical	(CFD)	models	of	representaVve	oil	spill	response	aircraF	
to 	 facilitate 	 examinaVon 	 of 	 the 	 parVcular 	 effects 	 of 	 the 	 combinaVon 	 of 	 environmental	
condiVons	likely	to	be	experienced	by	the	aircraF	coupled	with	the	specific	configuraVon	of	
the	aircraF/spray	system	geometry.

2. Work 	Package	3: 	Evaluate 	the 	modeled	behavior 	of 	the 	spray	release	based	on	 the 	best	
available	data.	The	level	of	model	evaluaVon	(i.e.	qualitaVve	vs	quanVtaVve)	was	determined	
by	the	availability	of	any	field	trial	data.	
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Details 	of 	 the 	methodology 	used 	 in 	 the 	CFD	models 	are 	 included 	 in 	Appendix 	B. 	A 	high 	 level	
overview	is	presented	below.

Four	aircraF	types	were	modeled	in	order	to	provide	a	cross-secVon	of	the	aircraF	types	currently	
employed	by	oil	spill	response	contractors	and	federal	agencies.	The	aircraF	modeled	cover	a	wide	
range	in	terms	of	size,	engine	and	spray	system	configuraVons,	in	order	to	increase	the	likelihood	of	
the	aircraF	used	in	any	individual	oil	spill	response	being	similar	to	one	of	the	aircraF	modeled.	This	
also	allowed	for	a	broad	comparison	of	these	types	of	aircraF	against	exisVng	tools	such	as	AGDISP	
and	AgDRIFT	to	evaluate	whether	the	performance	of	various	aircraF	types	are	well	represented	by	
the	models	proposed.	The	aircraF	modeled	were	as	follows:	

● Lockheed	MarVn	C-130A;

● Air	Tractor	AT-802A;

● Douglas	DC-3;	and

● Douglas	DC-4.

The	purpose	of	the	tool	is	to	provide	decision	makers	with	an	understanding	of	the	areas	likely	to	be	
impacted 	by 	 spray 	driF 	associated 	with 	 a 	planned 	 spray 	campaign 	 in 	order 	 to 	 assist 	with 	 the	
establishment	of	safety	setback	distances.	Accordingly,	the	CFD	models	were	designed	to	allow	an	
esVmate	of	the	likely	driF	caused	by	a	range	of	operaVonal	parameters	that	may	be	used	in	the	
course	of	spraying.	The	results	were	then	used	to	idenVfy	scenarios	where	the	exisVng	modeling	
tools	provide	poor	performance,	as	idenVfied	in	an	earlier	study 	(Ryan	et	al.,	2013).	Where	poor	
performance	of	the	exisVng	tools	was	idenVfied,	the	CFD	results	were	considered	in	order	to	provide	
an	improved	beWer	esVmate	of	the	area	impacted	by	spray	driF.

Although	it	was	originally	anVcipated	that	quanVtaVve	validaVon	data	would	enable	validaVon	of	
the	CFD	spray	driF	predicVons	no	such	quanVtaVve	data	was	able	to	be	obtained	during	the	project.	
As	such,	the	validaVon	performed	in	Work	Package	3	was	largely	qualitaVve	in	nature.	

The	execuVon	methodology	for	Phase	2	is	shown	diagrammaVcally	in	Figure	6.
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Figure	6	:	ExecuVon	methodology	for	Phase	2
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2.3 PHASE	3

In	Phase	3	of	the	project,	the	range	of	exisVng	airborne	dispersion	models	were	evaluated	against	
the 	 results 	 of 	 the 	 CFD 	modeling 	 conducted 	 in 	 Phase 	 2, 	 and 	 the 	most 	 appropriate 	means 	 of	
predicVng	the	spray	driF	extent	was	idenVfied	for	each	aircraF.	The	idenVfied	methodologies	were	
then 	 implemented 	 to 	 produce 	 the 	 data 	 which 	 underpins 	 the 	 spray 	 driF 	 extent 	 predicVon	
funcVonality	of	the	DST.		An	overview	of	the	methodology	used	for	Phase	3	is	shown	in	Figure	7.

In	order	to	determine	whether	preexisVng	dispersion	models	could	be	used	in	the	development	of	
the	DST,	the	following	acVviVes	were	undertaken:

1. A	high	level	capability	review	of	exisVng	aerial	dispersion	modeling	tools	was	conducted	to	
determine	which	tools	have	the	funcVonality	to	model	the	aerial	release	of	spray	dispersant.

2. The	outputs	from	appropriate	modeling	tools	were	evaluated	against	the	outcomes	of	the	
CFD	modeling	acVviVes.	For	each	aircraF,	the	ability	of	the	exisVng	tools	to	accurately	model	
the	extent	of	the	spray	driF	was	determined.	In	cases	where	the	accuracy	of	exisVng	tools	
was 	 insufficient, 	 adjustment 	 of 	 the 	outputs 	was 	 invesVgated 	 against 	 CFD 	predicVons 	 to	
determine	whether	modified	results	could	be	used	in	the	DST.

3. For	those	aircraF	which	could	not	be	accurately	modeled	by	any	exisVng	tool,	a	methodology	
was	developed	by	which	the	CFD	results	could	be	used	to	predict	the	extent	of	spray	driF.

For	each	aircraF,	consideraVon	was	given	to	the	means	by	which	the	selected	modeling	approach	
would	be	incorporated	into	the	DST,	by	either:

● IncorporaVng	the	selected	model	directly	into	the	DST;	or

● Including	the	range	of	possible	outputs	for	a	given	operaVonal	envelope	as	an	embedded	
data	set	or	response	surface,	based	on	the	runVme	inputs,	to	be	stored	within	the	DST.	
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Figure	7	:	Flow	Chart	Outlining	The	Process	For	EvaluaVng	Dispersion	Models
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3 DST	DESCRIPTION

3.1 INTENDED	USAGE

The	DST	is	envisaged	to	be	employed	by	a	set	of	users	who	will	parVcipate	in	the	response	to	oil	spill	
emergencies	under	the	NaVonal	 Incident	Management	System	(NIMS).	In	parVcular, 	two	specific	
types	of	use	have	been	idenVfied	for	the	DST	during	an	oil	spill	response.	AddiVonally,	there	is	the	
potenVal 	for	OSROs	to	use	the	tool	to	plan	their	iniVal	response.	The	anVcipated	users	and	their	
requirements	are:

● The	Aerial 	Dispersant 	Group, 	 in 	conjuncVon	with 	 the 	Environmental 	Unit 	and	NOAA, 	 for	
determining 	when 	 and 	where 	 spraying 	 can 	 effecVvely 	 be 	 conducted 	based 	on 	 standard	
operaVonal	limits.

● The	Aerial	Dispersant	Group,	in	conjuncVon	with	Planning	SecVon	Personnel	to	evaluate	how	
forecast	condiVons	will	affect	the	ability	to	conduct	spraying	operaVons	in	the	response	area.	
This	is	expected	to	assist	in	the	preparaVon	of	the	Daily	Aerial	Dispersant	ApplicaVon	Plans	
provided	to	the	Federal	On-Scene	Coordinator	(OSC);	and

● Oil	Spill	Removal	OrganizaVons	to	assist	with	evaluaVng	their	iniVal	response	to	a	spill,	prior	
to	the	response	being	escalated	to	a	larger	scale	incident.	In	these	incidents,	the	OSRO	may	
require	both	operaVonal	and	planning	support	capabiliVes.

To	facilitate	the	requirements	of	each	of	these	users,	the	DST	has	been	developed	to	be	used	in	
either	an	operaVonal	mode	or	a	planning	mode.	Details	about	the	funcVonality	of	each	of	these	
modes	are	provided	in	SecVons 	3.2	 and 	3.3. 	A	descripVon	of	the	algorithms	used	in	the	DST	is	
provided	in	SecVon	3.4.

3.2 DST	OPERATIONAL	MODE

The 	operaVonal 	mode 	of 	 the 	DST 	 facilitates 	 the 	decisions 	 required 	 to 	be 	made 	by 	 the 	Aerial	
Dispersant	Group	in	conducVng	oil	spill	responses.	The	purpose	of	this	mode	is	to	allow	the	input	of	
a	single	wind	speed	and	direcVon	likely	to	occur	over	the	course	the	dispersant	spray	operaVons	in	
order	to	provide	input	into	establishing	setback	distances.	

3.2.1 RunRme	Inputs

In	the	operaVonal	mode,	the	following	data	is	acquired	from	the	user	at	runVme:

● Flight	operaVonal	data	likely	determined	from	DMP2	mission	planner.	This	data	includes:

○ Airframe	(selected	from	a	drop	down	list);

○ AircraF	heading	during	spray	operaVons,	as	bearing	from	True	North;

○ AircraF	ground	speed	during	spray	operaVons,	in	kn;	and

○ AircraF	alVtude	during	spray	operaVons,	in	F.

Document	Number	-	r2015.j520.001
Issued	as	Revision	1,	October	14th	2016
Doc	Ref:	Atlas:\...\r2015.j520.001.1.odt
amogconsulVng.com
EIN		20-4906471
TX	PE	Firm	F-11821

AI-E253-10v20130508

http://www.amogconsulting.com/


Final	Project	Report 16

● Meteorological	data	including:

○ A	single	Vme	invariant	wind	speed	defined	at	10	m	above	the	surface,	in	kn;	and

○ A	single	Vme	invariant	wind	direcVon	as	bearing	from	True	North.

● A	safety	factor	to	be	applied	to	the	operaVonal	mode	outputs.

It	should	be	noted	that	the	appropriate	meteorological	condiVons	are	defined	at	the	discreVon	of	
the	user,	however,	as	a	guide	the	following	condiVons	typically	represent	the	worst	case	condiVons:

● Maximum	alVtude;

● Highest	wind	speed;	and

● Wind	direcVon	from	directly	upwind	of	potenVal	receptors.

3.2.2 Outputs

In	the	operaVonal	mode	the	following	informaVon	is	output	to	the	user:

● The	maximum	extent	of	driF	(see		Appendix	B)	behind	the	aircraF	(trackwise)	rounded	up	to	
the	50	F;

● The	maximum	extent	of	driF	perpendicular	to	the	track	of	the	aircraF	(spanwise)	rounded	up	
to	the	nearest	50	F;

● The	total	maximum	driF	extent	in	any	direcVon;	and

● The	direcVon	as	bearing	from	True	North	in	which	the	total	maximum	driF	extent	acts.

This	informaVon	may	be	used	to	define	a	set	back	distance	from	the	edge	of	a	spray	applicaVon	
area. 	 If 	 the 	 input 	 condiVons 	 are 	not 	operable 	 for 	 spraying 	operaVons, 	a 	message 	 is 	displayed	
informing 	 the 	user 	 that 	 the 	condiVons 	have 	been 	assessed 	as 	 inoperable, 	and 	no 	driF 	extent	
calculaVon	is	performed.

3.3 DST	PLANNING	MODE

The	planning	mode	of	the	DST	facilitates	the	idenVficaVon	of	suitable	spraying	windows	for	the	
purpose	of	assisVng	with	planning	decisions	on	the	basis	of	forecast	data.	The	purpose	of	this	mode	
is	to	allow	the	input	of	forecast	Vme-varying	forecast	data	to	facilitate	the	idenVficaVon	of	windows	
conducive	to	spraying	operaVons	(i.e.	operability	windows).

In	addiVon,	this	mode	also	provides	the	ability	to	graphically	integrate	set	back	distances	predicted	
using	the	DST	with	other	oil 	spill 	 response	tools 	by	producing	a	map	layer	 illustraVng	the	area	
affected	by	driF.

3.3.1 RunRme	Inputs

In	the	planning	mode,	the	following	data	is	acquired	from	the	user	at	runVme:
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● Flight	operaVonal	data	likely	determined	from	DMP2	Mission	planner.	This	data	will	include:

○ Airframe	(selected	from	a	drop	down	list);	

○ AircraF	heading	during	spray	operaVons,	as	a	bearing	from	True	North;

○ AircraF	ground	speed	during	spray	operaVons,	in	kn;

○ AircraF	alVtude	during	spray	operaVons,	in	F.

● Time	varying	meteorological	forecast	data	formaWed	in	a	.csv	file	which	the	user	imports	into	
the	DST.	The	following	data	will	be	included	in	the	forecast	data	file:

○ Date	and	Vme	informaVon	including	the	year,	month,	day,	hour-minute	(in	24	hour	local	
Vme),	and	the	Coordinated	Universal	Time	(UTC)	Vme	zone	for	the	area	in	which	spraying	
will	occur;

○ Wind	speed	at	10	m	elevaVon,	in	kn;

○ Wind	direcVon	as	bearing	from	True	North;

○ Significant	wave	height,	in	F;	and

○ Visibility,	in	statute	miles.

● Spill	response	data	in	the	form	of	map	layers	as	output	from	GIS	packages	used	in	the	oil	spill	
response	planning.	This	data	includes:

○ The	predicted	area	of	the	oil	spill	(defined	as	a	polygon	in	a	.kml	file);	and

○ The	area	in	which	spraying	operaVons	are	planned	(defined	as	a	polygon	in	a	.kml	file).

● A	safety	factor	to	be	applied	to	the	calculated	spray	driF	extent.

The	Keyhole	Markup	Language	(KML)	file 	format 	has	been	selected	for	compaVbility 	with	most	
Geographic	InformaVon	System	(GIS)	soFware	packages.	The	required	files	can	also	be	generated	by	
Google	Earth.	Full	details	of	the	requirements	for	input	file	formats	and	instrucVons	for	generaVng	
the	required	files	are	included	in	the	DST	User	Manual	(Appendix	A).

3.3.2 Outputs

In	the	planning	mode	the	following	informaVon	is	output	to	the	user:

● An	operability	table,	which	includes	the	forecast	data	input	by	the	user	with	an	addiVonal	
column	indicaVng	whether	each	forecast	Vme	is	suitable	for	conducVng	spray	operaVons.

○ For 	cases 	 that 	are 	deemed	 to 	be 	not 	suitable 	 the 	operability 	criteria 	 that 	have	been	
exceeded	for	each	case	are	displayed	in	the	output	window	of	the	DST.

● A	map	layer	containing	the	area	affected	by	driF.	This	area	is	the	union	of	all	areas	affected	by	
driF	as	predicted	by	the	DST	for	each	forecast	Vme.
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3.4 ALGORITHM

A	high	level	overview	of	the	DST	is	provided	in	Figure	8.	There	are	three	main	modules	in	which	the	
inputs	are	processed	to	generate	the	final	outputs.	Specifically	these	are:

● The	operability	algorithm,

● The	driF	extent	algorithm,	and	

● The	graphical	output	algorithm.	

A	short	descripVon	of	each	of	these	algorithms	is	provided	in	SecVons	3.4.1	to	3.4.3

Figure	8	:	High	level	overview	of	DST	structure

Document	Number	-	r2015.j520.001
Issued	as	Revision	1,	October	14th	2016
Doc	Ref:	Atlas:\...\r2015.j520.001.1.odt
amogconsulVng.com
EIN		20-4906471
TX	PE	Firm	F-11821

AI-E253-10v20130508

http://www.amogconsulting.com/


Final	Project	Report 19

3.4.1 Operability	Algorithm

The	operability	algorithm	is	called	in	both	the	operaVonal	mode	and	the	planning	mode.	It	performs	
two	funcVons:

1. It	confirms	that	the	input	data	is	provided	in	the	correct	format,	and	if	the	format	is	correct	it	
determines	whether	the	input	condiVons	are	operable.

2. Within	the	second	funcVon	a	set	of	operability	checks	determine	whether	the	specified	flight	
condiVons	are	within	the	regulatory	guidelines	for	each	aircraF,	as	specified	in	DMP2	and	
summarized	in	Table	1.

Table	1:	AircraF	Specific	Operability	Criteria

AircraF AlVtude	(F) Ground	Speed	(kn)

Min Max Min Max

AT-802A 15 50 110 180

C-130A 50 100 150 200

DC-3 50 100 120 160

DC-4 50 100 120 160

Finally 	 efficacy 	 of 	 the 	 planned 	 spray 	 operaVon 	 is 	 considered 	 in 	 the 	 context 	 of 	 the 	 forecast	
meteorological	condiVons.	Operability	of	the	aircraF	in	the	forecast	condiVons	is	simply	determined	
by	comparing	the	forecast	condiVons	to	the	operability	criteria	determined	during	Phase	1	of	the	
project.	The	operability	criteria	incorporated	into	the	tool	are	as	documented	in	the	Requirements	
SpecificaVon	(Appendix	C):

● Maximum	wind	speed	–	35	knots;

● Maximum	crosswind	–	20	knots;

● No	operaVons	in	tail	wind	condiVons;	and

● Maximum	significant	wave	height	–	10	feet;

● Minimum	visibility	–	3	statute	miles;

● OperaVons	only	during	day	light	hours.

To 	 perform 	 these 	 operability 	 checks 	 calculaVons 	 are 	 made 	 to 	 determine 	 the 	 headwind 	 and	
crosswind	speeds	at	the	reference	height	of	10	m.	

In	addiVon	to	wind	component	calculaVons,	the	operability	algorithm	also	esVmates	the	sunrise	and	
sunset	Vme	based	on	the	posiVon	of	the	centre	of	the	oil	spill.	This	predicVon	uses	a	simple	sunrise	
and 	 sunset 	 calculaVon 	 based 	 on 	 the 	 local 	 laVtude, 	 the 	 sun’s 	 declinaVon 	 and 	 the 	 solar 	 Vme	
correcVon.	The	model	accounts	for	the	eccentricity	of	the	earths	orbit	but	not	the	eccentricity	of	the	
earth 	 itself, 	and	assumes	that 	the 	sunrise 	 is 	defined	as	when	the	sun	rises	above	the 	horizon,	
defined	as	greater	than	90°	declinaVon.

Document	Number	-	r2015.j520.001
Issued	as	Revision	1,	October	14th	2016
Doc	Ref:	Atlas:\...\r2015.j520.001.1.odt
amogconsulVng.com
EIN		20-4906471
TX	PE	Firm	F-11821

AI-E253-10v20130508

http://www.amogconsulting.com/


Final	Project	Report 20

The 	output 	of 	 this 	algorithm	 is 	a 	boolean	variable 	 indicaVng 	weather 	 the 	 input 	 condiVons 	are	
operable	or	not,	and	when	required	an	error	message	describing	why	the	case	is	not	operable.

It	should	be	noted	that	the	DST	provides	an	assessment	of	operability	based	on	the	input	weather	
condiVons 	 only. 	 AddiVonal 	 factors 	 such 	 as 	 precipitaVon 	 or 	 thunder 	 storms 	 may 	 impact 	 on	
operability 	 in 	 condiVons 	 that 	 are 	 otherwise 	 suitable 	 for 	 conducVng 	 spraying 	 operaVons. 	 Final	
decisions	as	to	whether	or	not	operaVons	are	conducted	should	be	made	by	the	pilots	in	charge	
considering	all	available	informaVon	as	to	the	safety	of	conducVng	spraying	operaVons.

3.4.2 DriD	Extent	Algorithm

The	DST	seeks	to	quanVfy	the	limits	of	spray	driF.	There	are	a	number	of	parameters	upon	which	
the	spray	driF	is	dependent.	One	of	the	outcomes	of	Phase	2	of	this	project	was	an	understanding	of	
which	parameters	affect	the	extent	of	spray	driF.	These	parameters	are	required	inputs	to	the	DST	
predicVon.

Based	on	the	outcomes	of	the	CFD	modeling	conducted	in	Phase	2,	the	key	parameters	affecVng	
spray	driF	are	wind	speed,	wind	direcVon,	aircraF	speed	and	spray	release	height.	At	the	conclusion	
of	Phase	2	a	database	was	created	for	each	aircraF	considered	which	contained	the	predicted	extent	
behind	the	aircraF	(trackwise)	and	perpendicular	to	the	aircraF	track	(spanwise)	for	the	full	range	of	
dependent	parameters	in	the	operaVonal	envelope.	The	driF	extent	algorithm	is	described	in	Figure
9	and	summarized	here:

● The	driF	extent	algorithm	takes	the	input	operaVonal	condiVons	which	are	provided	in	a	
global	coordinate	system	and	converts	them	to	an	aircraF	centered	local	coordinate	system.

● The	driF	extent	algorithm	then	loads	the	results	database	for	the	specified	aircraF	and	finds	a	
subset	of	the	data	nearest	the	input	parameters.

● The	driF	extent	algorithm	fits	a	localized	linear	shape	funcVon	to	the	exisVng	results	in	the	
data	base.

● The	driF	extent	algorithm	then	interpolates	the	driF	extent	behind	and	perpendicular	to	the	
aircraF.

● Finally 	 the 	 results 	 are 	 post 	 processed 	by 	 applying 	 the 	 user 	 specified 	 safety 	 factor 	 and	
rounding	the	result	up	to	the	nearest	50	F	before	being	presented	to	the	user.	At	this	stage	
data	is	output	in	both	local	and	global	coordinates.

The	parameter	space	for	the	DC-3	is	smaller	than	the	other	airframes	because	at	the	higher	airspeed	
ranges	considered	for	the	other	three	aircraF,	it	is	known	that	the	DC-3	would	typically	be	flown	
without	flaps	deployed.	As	all	CFD	assessments	were	undertaken	with	a	single	typical	flap	seXng	for	
each	aircraF,	this	limits	the	range	of	validity	for	the	DST.
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Figure	9	:	High	level	algorithm	for	driF	extent	funcVon
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3.4.3 Graphical	Output	Algorithm

The	graphical	output	algorithm	is	used	in	the	planning	mode	to	convert	the	predicted	maximum	
extent 	 into 	a 	map	 layer 	showing	the 	area	affected	by	spray	driF. 	A	high 	 level 	overview	of 	the	
algorithm	is	provided	in	Figure	10	and	summarized	as	follows:

● The	graphical	output	algorithm	reads	in	the	oil	spill	area	and	the	area	intended	for	spraying	as	
polygons	directly	from	the	.kml	file.

● The 	 intersecVon 	of 	 the 	 oil 	 spill 	 area 	 and 	 the 	 area 	 intended 	 for 	 spraying 	 is 	 found. 	 This	
“intersecVng	polygon”	represents	the	area	to	which	the	dispersant	will	be	applied.

● For	each	operable	wind	condiVon	in	the	forecast	data	the	driF	extent	is	predicted	using	the	
driF	extent	algorithm.	This	extent	 is 	applied	to	each	point 	of 	the	intersecVng	polygon	to	
create	a	new	shiFed	polygon	describing	the	area	affected	by	driF.	It	is	assumed	that	spraying	
will	be	released	up	to,	but	not	beyond,	the	edges	of	the	intersecVng	polygon.

● Find	the	union	of	all	spray	driF	polygons	for	all	operable	Vmes	in	the	forecast	data	and	the	
intersecVng	polygon	in	which 	spray	operaVons	are	expected	to	occur.	This	will 	produce	a	
polygon	which	encompasses	the	enVre	spray	area	and	all 	areas	affected	by	driF	over	the	
enVre	forecast	period.

● Write	this	final	polygon	to	a	.kml	file.

For	each	of	the	steps	in	the	graphical	output	algorithm	a	number	of	boolean	operaVons	are	applied	
to 	 a 	 set 	 of 	 polygons, 	 specifically 	 union 	 and 	 intersecVon 	operaVons 	 are 	 conducted. 	 For 	 these	
operaVons	the	POLYPACK	fortran	library	was	used.

It 	should	be	noted	that	 factors	such	as	changes	to	condiVons	during	operaVons	may	affect 	the	
accuracy	of	the	driF	extent	predicVons	made	by	the	DST.	Operators	should	conVnue	to	use	spoWer	
aircraF	to	ascertain	whether	driF	extent	is	exceeding	the	predicVons	made.
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Figure	10	:	High	level	algorithm	for	graphical	output	algorithm
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3.5 ARCHITECTURE

The	architecture	of	the	DST	was	designed	such	that	it	facilitates:

● Fast	run	Vmes;	and

● Expansion 	 for 	 future 	model 	 improvements, 	 addiVonal 	 airframes 	and 	 spray 	 systems, 	 and	
addiVonal	required	outputs.

With 	 these 	design 	 requirements 	 in 	mind 	a 	database 	approach 	combined 	with 	a 	 surface 	fiXng	
algorithm	was	selected	as	the	basis	for	the	DST	driF	extent	calculaVons.

Using	a	database	to	store	the	necessary	airframe	specific	driF	data	ensures	rapid	access,	which	does	
not	require	significant	runVme	to	generate.	The	use	of	a	database	also	facilitates	the	inclusion	of	
data	generated	from	a	variety	of	sources,	including	CFD	model	results,	which	could	not	feasibly	be	
obtained	at	runVme.	The	database	approach	also	has	advantages	in	that	the	exisVng	data	itself	may	
be	upgraded	over	Vme	(i.e.	if	refined	esVmates	of	the	driF	extent	are	available)	and	new	datasets	
added 	 (e.g. 	 driF 	 esVmates 	 for 	 addiVonal 	 airframes, 	 configuraVons 	 and 	 spray 	 products). 	 The	
interface	between	the	databases	and	the	DST	algorithms	is	illustrated	in	Figure	8.
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4 EXISTING	TOOLS	FOR	THE	PREDICTION	OF	SPRAY	DRIFT

In	order	to	determine	whether	pre-exisVng	dispersion	models	could	be	used	in	the	development	of	
the	DST,	a	high	level	capability	review	of	exisVng	aerial	dispersion	modeling	tools	was	conducted	to	
determine	which	tools	have	the	funcVonality	to	model	the	aerial	release	of	spray	dispersant.	Once	
an	appropriate	dispersion	modeling	tool	was	 idenVfied,	 it 	was	evaluated	against	the	CFD	model	
results	to	determine	its	ability	to	accurately	predict	spray	driF	extents	for	each	of	the	four	aircraF	
under	consideraVon.

4.1 CATEGORIES	OF	EXISTING	TOOLS

Currently, 	there	are	only	three	methods	that	are	widely	employed	as	the	basis 	for	atmospheric	
dispersion1	 modeling, 	namely	Lagrangian	parVcle, 	Lagrangian/Gaussian	puff	and	Gaussian	plume	
models.	Within	the	models	currently	listed	by	the	United	States	Environmental	ProtecVon	Agency	
(US	EPA)	for	use	in	atmospheric	dispersion	modeling,	all	three	types	of	models	are	represented.	The	
principal	tools	which	have	regulatory	recogniVon	for	the	dispersion	of	spray	behind	aircraF	in	the	US	
are	models	based	on	empirical/first-principle	methods,	rather	than	the	detailed	and	complex	physics	
which	underpins	CFD.	While	CFD	is	increasingly	recognized	as	a	potenVally	useful	tool	for	use	in	
exploring	complex	dispersion	scenarios,	it	is	currently	limited	to	applicability	on	a	case-by-case	basis	
due	to	lengthy	simulaVon	Vmes	and	requisite	high	degree	of	expert	knowledge.	As	such,	the	CFD	
models	used	in	this	study	have	been	used	either	to	evaluate	the	predicVons	from	exisVng	models,	or	
as	an	input	to	far-field	dispersion	using	another	modeling	approach.

4.2 REQUIRED	CAPABILITIES

If	a	model	is	to	be	used	to	predict	the	extent	of	aerial	spray	driF	in	an	offshore	oil	spill	context,	it	
should 	 be 	 capable 	 of 	meeVng 	 the 	 following 	 requirements. 	 As 	 not 	 all 	models 	 are 	 capable 	 of	
represenVng	the	process	directly,	an	order	of	precedence	has	been	established	for	the	requirements	
such	that	the	selecVon	process	may	be	as	broad	as	possible.	The	model	should:

(i) Have 	 recogniRon 	as 	 a 	 tool 	 for 	use 	 in 	establishing 	 the 	 impact 	 caused 	by 	dispersion 	of	
chemicals:	Any	dispersion	model	should	have	recogniVon	from	a	US-based	regulator	in	the	
use 	 of 	 evaluaVng 	 the 	 atmospheric 	 dispersion 	 of 	 chemicals. 	 The 	 process 	 of 	 gaining 	 a	
recommendaVon	from	a	regulator	such	as	the	US	EPA	is	strenuous,	and	as	such	will	ensure	
that	the	model	has	undergone	sufficient	peer	review	to	gain	acceptance.

(ii) Be	capable	of	directly	compuRng	the	influences	on	driD	from	aircraD:	Any	model	selected	
must	be	capable	of	compuVng	the	impact	of	fluid	dynamic	effects	caused	by	the	wake	of	the	
aviaVon	plaUorm	being	used	for	dispersant	spraying.	

(iii) Be	capable	of	modeling	the	dispersion	of	parRcles:	As	a	minimum,	the	modeling	tool	must	
be	capable	of	represenVng	the	dispersion	of	droplets	of	dispersant	as	they	driF	from	the	
release	zone	to	the	point	where	they	seWle	out	of	the	air.

1.	Note	that	atmospheric	dispersion	refers	to	the	dispersal,	or	driF,	of	chemicals	in	air.	This	phenomenon,	as	relevant	to	the	current	study,	is	
usually	referred	to	as	spray	driF.	
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4.3 DESCRIPTION	OF	EXISTING	MODELS

4.3.1 Lagrangian	ParRcle	Models

Within 	 the 	 current 	 inventory 	 of 	 US 	 EPA 	 recommended 	models 	 for 	 conducVng 	 pesVcide 	 risk	
assessments	from	aircraF	there	are	two	suitable	Lagrangian	parVcle	models	(US	EPA,	2016b):

(i) AGDISP	(AGricultural	DISPersal):	AGDISP	is	a	first-principles	model	used	to	predict	spray	driF	
from	applicaVon	sites	for	the	purposes	of	opVmizing	agricultural 	spraying	operaVons.	The	
model 	 is 	 capable 	of 	 esVmaVng 	downwind 	deposiVon 	 from	aerial 	 applicaVons 	and 	has 	a	
library	of	aircraF	to	employ	for	modeling	purposes	(Alan	J.	Bilanin,	Milton	E.	Teske,	John	W.	
Barry,	&	Robert	B.	Ekblad,	1989).	AGDISP	also	incorporates	a	“Gaussian	extension”	model	to	
allow	driF	to	be	evaluated	beyond	the	limit	of	its	Lagrangian	parVcle	model	(US	EPA,	2010).

(ii) AgDRIFT:	AgDRIFT	is	a	modified	version	of	AGDISP,	and	retains	much	of	the	same	funcVonality	
(Teske,	M.E.	et	al.,	2002).	The	addiVonal	algorithms	added	to	AgDRIFT	are	primarily	to	allow	
the	esVmate	of 	driF 	 from	ground	and 	orchard	airblast 	applicaVons, 	and	 the 	 tool 	 largely	
retains	AGDISP	as	the	computaVonal	engine	for	aerial	applicaVons	(Bird,	Perry,	Ray,	&	Teske,	
2002).	As	AgDRIFT	is	funcVonally	equivalent	to	AGDISP	for	aerial	applicaVons,	it		has	not	been	
evaluated	further.

4.3.2 Gaussian	Dispersion	Models

Within 	 the 	 current 	 inventory 	 of 	 US 	 EPA 	 recommended 	 models 	 for 	 conducVng 	 atmospheric	
dispersion	there	are	four	suitable	Gaussian	dispersion	models	(US	EPA,	2016):

(i) Aermod:	 Aermod	 is 	 the 	default 	 regulatory 	dispersion 	model 	 for 	near-field 	modeling 	and	
incorporates	a	Gaussian	plume	model.	Aermod	also	incorporates	dry-deposiVon	of	parVcles,	
allowing 	 parVcle 	 removal 	mechanisms 	 to 	 be 	 incorporated 	 into 	model 	 predicVons. 	 This	
technique	assumes	that	a	plume	will	act	in	a	steady	manner,	extending	to	the	edge	of	the	
model 	domain, 	and 	assumes 	 that 	 the 	wind	field 	does 	not 	change 	between 	the	point 	of	
release	and	the	horizon	(i.e.	steady-state	wind	condiVons	are	modeled).	

(ii) Industrial	Source	Complex	3	(ISC3): 	ISC3	was	the	default 	regulatory	dispersion	model 	for	
near-field 	 modeling 	 for 	 permiXng 	 purposes 	 prior 	 to 	 the 	 adopVon 	 of 	 Aermod. 	 The	
meteorological	data	required	as	an	input	to	Aermod	may	prevent	its	use	in	this	parVcular	
applicaVon,	and	as	such	ISC3	may	be	more	appropriate.	

(iii) CALPUFF:	 The	CALMET/CALPUFF 	modeling 	 system	 is 	a 	Gaussian 	puff	model 	which 	 tracks	
individual	“puffs”	of	a	pollutant	as	Lagrangian	parVcles,	however	each	parVcle	is	itself	able	to	
disperse	using	a	Gaussian	approach.	It	is	the	default	regulatory	dispersion	model	for	far-field	
(>	50	km)	modeling	The	Lagrangian	approach	allows	the	individual	puffs	to	be	tracked	with	
Vme, 	 and 	 as 	 such 	 provides 	 a 	 much 	more 	 representaVve 	 predicVon 	 of 	 concentraVons	
downwind 	 as 	 they 	 change 	 with 	 Vme. 	 The 	modeling 	 package 	 similarly 	 allows 	 for 	 dry-
deposiVon	removal	mechanisms	to	be	incorporated	into	the	soluVon.

(iv) AGDISP	Gaussian	Extension	model:	AGDISP	incorporates	a	Gaussian	extension	model	based	
on 	 the 	 algorithms 	 contained 	 in 	 ISC3. 	 The 	 extension 	model 	 uses 	 ISC3’s 	 Gaussian 	 plume	
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algorithm, 	 however 	 it 	 does 	 not 	 incorporate 	 any 	 removal 	 algorithms. 	 The 	 intent 	 of 	 this	
approach	is	to	ensure	that	the	predicVons	are	conservaVve,	as	over	the	ground	there	are	
numerous	parVcle	sinks	such	as	vegetaVon	that	have	not	been	considered	(US	EPA,	2010).

It	should	be	noted	that	there	are	a	number	of	removal	mechanisms	that	may	cause	mass	to	drop	
out	of	the	plume.	Examples	of	removal	mechanisms	include	evaporaVon,	deposiVon	on	vegetaVon	
or	over	water,	waves 	(Zufall,	Dai,	Davidson,	&	Etyemezian,	1999).	A	number	of	the	plume	models	
discussed,	 including	AGDISP’s	Gaussian	plume	extension	model, 	do	not	account	for	any	removal	
mechanisms. 	Gaussian 	 plume 	models 	not 	 employing 	 any 	parVcle 	 removal 	mechanism 	may 	be	
considered 	 conservaVve 	 as 	 parVcles 	 will 	 only 	 disperse 	 and 	 no 	 mass 	 is 	 removed 	 from 	 the	
computaVonal	domain.

4.4 MODELING	SYSTEM	FOR	FURTHER	EVALUATION

An	evaluaVon	for	the	parVcular	applicaVon	as	the	computaVon	core	of	the	DST,	the	ideal	candidate	
was	AGDISP	due	to:

1. Its 	 recogniVon 	by 	 the 	 EPA 	 for 	 evaluaVng 	 the 	 driF 	 of 	 aerial 	 applicaVon 	 of 	 pesVcides 	 in	
agricultural	and	forestry	applicaVons;

2. Its	ability	to	esVmate	the	aerodynamic	forcing	caused	by	the	presence	of	the	aircraF	using	a	
combinaVon	of	first-principles	and	empirical	relaVonships;

3. Its 	 ability 	 to 	 model 	 the 	 dispersion 	 of 	 parVcles 	 using 	 a 	 Lagrangian 	 approach, 	 while	
incorporaVng	the	ability	to	extend	this 	soluVon	through	the	use 	of 	a 	Gaussian	extension	
model	when	the	spray	driF	extends	beyond	the	influence	of	the	aircraF	wake;	and

4. AGDISP	has	the	benefit	of	being	able	to	incorporate	the	influence	of	atmospheric	stability	into	
the	modeling	results,	addressing	a	key	limitaVon	of	the	CFD	models	for	extending	the	results	
of 	 the 	 simulaVon 	 to 	 all 	 potenVal 	 environmental 	 condiVons 	 at 	 distances 	 beyond 	 the	
immediate	wake	region.	

4.5 SHORTCOMINGS	OF	EXISTING	TOOLS	FOR	USE	IN	OIL	SPILL	RESPONSE

In	recent	years,	there	has	been	at	least	one	paper	which	has	idenVfied	potenVal	issues	in	AGDISP’s	
representaVon	of	the	wake	under	certain	crosswind	condiVons	(Ryan	et	al.,	2013).	While	AGDISP	has	
undergone	extensive	validaVon	against	field	trials	for	its	intended	purpose	in	modeling	pesVcide	
applicaVon,	its	has	not	been	validated	as	a	tool	for	modeling	the	different	operaVonal	parameters	
which	apply	in	oil	spill	response	operaVons.	As	a	result	of	this,	AGDISP	driF	extent	predicVons	for	
the 	aircraF	 included	 in 	the 	DST	were 	evaluated	by	comparison	with 	CFD	models 	configured	to	
represent	spray	systems	employed	by	actual	Oil	Spill	Removal	OrganizaVons.	

4.5.1 SimplificaRons	Present	In	AGDISP

To	decrease	computaVonal	Vme,	AGDISP	limits	which	aircraF	wake	mechanisms	are	computed,	and	
how	these	in	turn	influence	the	dispersant	parVcles.	The	factors	affecVng	the	wake	modeled	by	
AGDISP	are	as	follows	(Bird	et	al.,	2002):
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(i) Downwash 	 from	the 	wing:	 The 	downwash 	caused 	by 	 the 	 liF 	generated 	by 	 the 	wing 	 is	
esVmated	using	liFing	line	theory.	The	downwash	is	assumed	to	be	uniformly	distributed	and	
pointed	downward	at	the	trailing	edge	of	the	wing.

(ii) WingRp	vorRces:	Similarly	esVmated	assuming	an	ellipVcal	liF	distribuVon	across	the	wing	in	
conjuncVon	with	liFing	line	theory.	The	vortex	decay	rate	has	been	esVmated	for	all	airframes	
to	be	based	on	a	value	established	from	aircraF	flyovers.	

(iii) Propellers:	 The	influence	of	propellers	is	computed	using	actuator	disc	theory.	In	order	to	
establish	the	required	thrust,	all	aircraF	have	a	default	assumed	drag	coefficient	of	0.1,	which	
is	typically	a	conservaVve	value.	

(iv) Crosswind:	 The 	 influence	of 	 crosswind	 is 	computed	on 	 the 	basis 	of 	 the 	verVcal 	 velocity	
gradient	predicted	by	an	atmospheric	boundary	layer	approach.

The 	 simplified 	 approach 	 adopted 	 by 	 AGDISP 	 neglects 	 the 	 following 	 addiVonal 	 sources 	 of	
aerodynamic	influences	on	the	dispersant	behavior:

(i) Fuselage	wake:	The	influence	of	the	fuselage	in	contribuVng	to	the	aircraF	wake	is	neglected.

(ii) Flap 	and 	 tail 	 vorRces:	 AGDISP 	models 	only 	 the 	wingVp 	 vorVces, 	 and 	 the 	 generaVon 	of	
vorVces	by	the	tail	of	the	aircraF	or	as	a	result	of	the	use	of	flaps	is	neglected.

Notwithstanding	the	noted	simplificaVons	in	AGDISP’s	modeling	of	the	aircraF	wake,	results	from	
field	trials	(Duan,	Yendol,	Mierzejewski,	&	Reardon,	1992)	indicated	that	the	mechanisms	modeled	
appear	sufficient	for	the	agricultural	aircraF	AGDISP	was	designed	to	model.

4.5.2 Different	OperaRonal	Context

The	AGDISP	modeling	package	was	designed	for	use	 in	opVmizing	pesVcide	spraying	operaVons	
employing	agricultural	aircraF.	A	significant	body	of	validaVon	data	has	been	built	surrounding	the	
use	of	AGDISP,	though	this	has	been	largely	driven	by	the	Spray	DriF	Task	Force	using	agricultural	
aircraF. 	Many	of 	 the 	studies	 referenced	 in 	the	development 	(Teske, 	M.E. 	et 	al., 	2002)	 and	 the	
validaVon	(Duan	et	al.,	1992)	of	AGDISP	cite	the	use	of	small	agricultural	aircraF	such	as	Air	Tractors,	
or	variants	of	the	Cessna	188	(e.g.	Ag	Truck,	Ag	Husky,	etc.).	

The	majority	of	the	aircraF	employed	in	the	offshore	oil	spill	response	context	are	larger,	mulV-
engined	aircraF	with	significantly	 larger	tank	capaciVes, 	though	some	cross-over	occurs	 (i.e. 	Air	
Tractor	AT-802A).	Furthermore,	the	offshore	context	requires	a	large	quanVty	of	dispersant	to	be	
released	as	rapidly	as	possible	(US	Coast	Guard,	2013b).	This	difference	in	operaVonal	context	and	
aircraF	types	was	evaluated	for	its	potenVal	impact	on	the	predicVon	of	spray	driF.	

4.6 CFD	STUDY

As	described	in	SecVon 	4.5,	AGDISP	was	idenVfied	as	the	most	suitable	of	the	exisVng	tools	for	
determining 	 the 	 extent 	 of 	 dispersant 	 spray 	 driF. 	 CFD 	modeling 	 of 	 each 	 of 	 the 	 aircraF 	 to 	 be	
incorporated	into	the	DST	was	conducted	in	order	idenVfy	any	flow	features	around	the	aircraF	
which	significantly	affect	the	spray	driF	that	are	not	accounted	for	by	AGDISP.	In	order	to	achieve	
this	aim,	the	CFD	models	were	criVcal	to	perform	the	following	funcVons:
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● Resolve 	 the 	aerodynamic 	flow	 features 	around 	the 	aircraF	 likely 	 to 	 impact 	on 	 the 	spray	
release	trajectory.	In	parVcular,	resoluVon	of		the	overall	liF	generaVon,	strength	and	locaVon	
of	vorVcal	structures	and	large-scale	wake/blockage	effects	should	be	resolved.

● Represent	the	aircraF	geometry	to	a	level	of	detail	commensurate	with	the	first	objecVve,	
removing	any	geometric	detail	which	will	not	have	a	significant	effect	on	the	aerodynamics	
affecVng	the	spray	release.

● Implement	a	representaVve	model 	of 	the	propellers 	 in	order	to	resolve	the	effect 	of	the	
propeller	wash	on	the	spray	release.

● Model	the	trajectory	of	the	spray	droplets,	accounVng	for	aerodynamic	forces	on	the	parVcles	
and,	in	parVcular,	turbulent	dispersion.

It	should	be	noted	that	many	of	the	organizaVons	idenVfied	in	Phase	1	of	the	project	were	unable	to	
provide	the	required	aircraF	geometry	and	operaVonal	parameters.	Direct	contact	was	made	with	
aircraF	and	propeller	manufacturers,	and	data	was	obtained	where	possible	from	publicly	available	
sources. 	While 	 the 	 lack 	 of 	 data 	 inconvenienced 	 both 	 the 	model 	 construcVon 	 and 	 validaVon	
acVviVes,	efforts	were	made	to	ensure	that	the	CFD	study	was	conducted	in	accordance	with	best	
pracVce,	and	that	any	assumpVons	made	have	been	documented	for	traceability.	The	full	details	of	
the	methodology	employed	and	the	results	obtained	are	included	in	Appendix	B	-	CFD	Methodology
and	Full	Results.

4.7 EXISTING	TOOLSET	EVALUATION

Based	on	an	assessment	of	the	capabiliVes	of	the	exisVng	modeling	tools,	AGDISP	was	selected	as	
the 	 tool 	most 	suitable 	 for 	modeling 	 the 	aerial 	dispersant 	spray 	 release. 	 In 	order 	 to 	determine	
whether 	the	 idenVfied	simplificaVons 	 in 	AGDISP	have	a 	significant	effect 	on	 the 	predicted	driF	
extent,	the	predicted	fracVon	aloF	with	distance	from	AGDISP	was	compared	to	the	results	from	
CFD	simulaVons	for	similar	spraying	condiVons.	The		results	of	this	comparison	are	presented	below.	
The	comparison	was	conducted	based	on	answering	the	following	quesVons	shown	in	Table	2.

Table	2:	QuesVons	Tested	In	AGDISP-CFD	Comparison

No. QuesVon Answer

1 In	general,	is	there	good	correlaVon	between	the	CFD	and	AGDISP	results	in	
the	near	field	region?

Yes	/No

2 For	crosswind	cases	which	model	is	more	conservaVve? AGDISP/CFD

3 For	intermediate	wind	direcVon	cases	which	model	is	more	conservaVve? AGDISP/CFD

4 For	headwind	cases	which	model	is	more	conservaVve? AGDISP/CFD

5 Does	alVtude	change	which	model	is	more	conservaVve? Yes/No

6 Does	aircraF	speed	change	which	model	is	more	conservaVve? Yes/No

7 Does	dispersant	parVcle	size	distribuVon	change	which	model	is	more	
conservaVve?

Yes/No
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This	comparison	was	made	for	each	airframe	by	extracVng	the	following	variables	from	the	CFD	
models	and	entering	them	into	AGDISP:

● Wind	speed	and	direcVon;

● Release	height;

● AircraF	drag;

● AircraF	mass	(based	on	the	liF	generaVon	predicted	by	the	CFD	model	for	each	case);

● Propeller	rotaVon	rate;	and

● Spray	nozzle	posiVons,	parVcle	size	distribuVon	and	flow	rate.

All	other	variables	were	set	to	the	default	seXngs	in	AGDISP.	

Full	details	of	the	comparaVve	study	conducted	are	contained	in	Appendix	B.	The	key	outcomes	of	
the	CFD	evaluaVon	of	the	AGDISP	modeling	system	for	use	in	offshore	spill	response	are	summarized	
as	follows:	

● Air 	 Tractor 	 AT-802A: 	 For 	 the 	 purposes 	 of 	 offshore 	 spill 	 response, 	 the 	 AT-802A 	 is 	 well	
represented 	by 	AGDISP 	 in 	 that 	 no 	 significant 	modificaVons 	 to 	 the 	 results 	 are 	 required.	
InterpretaVon	and	extrapolaVon	of	AGDISP	results	were	required	for	wind	angles	outside	of	
AGDISP’s	allowable	input	range.

● Lockheed	C-130A:	It	has	been	idenVfied	that,	due	to	the	wake	effect	caused	by	the	shape	of	
the 	 fuselage 	 in 	 the 	 vicinity 	 of 	 the 	 rear 	 cargo 	 door, 	 the 	 results 	 from 	 AGDISP 	 are 	 not	
representaVve	in	the	near	field,	in	that	the	fuselage	wake	delays	the	deposiVon	of	the	spray.	
However,	in	the	far	field,	AGDISP	predicts	a	lower	deposiVon	rate	than	the	CFD	model,	and	as	
such	AGDISP	results	may	be	modified	to	provide	a	conservaVve	esVmate	of	the	extent	of	
spray	driF.	InterpretaVon	and	extrapolaVon	of	AGDISP	results	were	required	for	wind	angles	
outside	of	AGDISP’s	allowable	input	range.

● Douglas	DC-3:	Due	to	the	presence	of	vorVces	generated	at	the	outboard	end	of	the	main	
wing	flaps,	and	the	spray	boom	extending	sufficiently	along	the	wing	semi-span	to	 inject	
parVcles	 into	the	combined	flap	and	wing	Vp	vorVces, 	the	DC-3	is 	poorly	represented	by	
AGDISP,	and	an	alternaVve	approach	is	required	to	determine	the	driF	impacted	area.

● Douglas	DC-4:	The	DC-4	has	a	unique	spray	boom	which	lies	above	the	trailing	edge	of	the	
wing.	AGDISP	will 	not	allow	spray	nozzle	posiVons	above	the	trailing	edge	of	the	wing,	as	
such,	the	DC-4	cannot	be	modeled	using	AGDISP.	While	the	presence	of	flap	vorVces	also	
appears	to	influence	the	DC-4	spray,	the	closer	proximity	of	the	flaps	to	the	wing	Vps	causes	
the	two	vorVces	to	merge	earlier	than	those	generated	by	the	DC-3,	reducing	the	influence	of	
the	flap	vorVces.
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5 DST	DEVELOPMENT

This 	 secVon 	 describes 	 the 	 development 	 of 	 the 	 DST, 	 subsequent 	 to 	 the 	 idenVficaVon 	 of 	 the	
adequacy,	or	otherwise,	of	AGDISP	for	predicVng	the	dispersant	spray	driF	extent	from	each	of	the	
aircraF	under	consideraVon.	The	development	acVviVes	included	the	implementaVon	of	detailed	
methodologies	for	the	predicVon	of	driF	extent	for	each	aircraF,	as	well	as	the	actual	development	
of	the	DST	soFware.

5.1 DRIFT	EXTENTS	ESTIMATES	INCORPORATED	INTO	THE	DST

Based	on	the	outcomes	of	the	comparaVve	evaluaVon	of 	the	CFD	models 	and	AGDISP, 	tailored	
methodologies	were	developed	to	obtain	esVmates	of	the	driF	extent	of	dispersant	spray	released	
from	each	of	the	aircraF	under	consideraVon.

5.1.1 Methodology	For	Air	Tractor	AT-802A

AGDISP	has	been	demonstrated	to	accurately	represent	the	aerodynamic	phenomena	influencing	
the	behavior	of	the	dispersant	spray	released	by	the	AT-802A,	and	is	therefore	considered	suitable	
for 	 incorporaVon 	within 	 the 	 DST. 	 The 	 algorithm 	 detailed 	 in 	 Figure 	11	 was 	 used 	 to 	 provide	
conservaVve	driF	extent	esVmates	for	the	AT-802A.

The	algorithm	approach	was	based	on	a	combinaVon	of	the	following	factors:

1. Where	condiVons	were	outside	of	those	AGDISP	is	capable	of	compuVng	naVvely,	applicaVon	
of	a	computaVon	of	intermediate	angles	using	sine	and	cosine	components	of	the	maximum	
crosswind	extent	(defined	as	the	predicted	extent	with	the	same	wind	speed	but	a	wind	angle	
at 	90 	degrees). 	The 	change 	 in 	spray 	driF 	extent 	 for 	 intermediate 	wind 	angles 	has 	been	
invesVgated, 	 as 	 reported 	 in 	Appendix 	B. 	 In 	 effect, 	 it 	was 	 idenVfied 	 that 	 these 	 could 	be	
predicted	by	compuVng	the	lateral		and	track	wise	components	using	the	wind	angle.	

2. An	upliF	of 	the	AGDISP	predicted	spray	extents 	based	on	comparisons	between	the	CFD	
model	and	AGDISP	as	well	as	comparisons	between	the	crosswind	extent	and	the	headwind	
axial	extent,	it	was	idenVfied	that	AGDISP	predicted	a	slightly	lower	extent	by	approximately	
10%	to	15%.	As	such,	a	scaling	factor	of	15	%	to	address	this	uncertainty	has	been	applied	
prior	to	compuVng	the	crosswind	components	where	lateral	and	track	wise	resoluVon	of	the	
driF	extents	was	required.

3. A 	minimum	driF	predicVon 	 is 	 based 	upon 	a 	published 	 invesVgaVon 	of 	 lateral 	 spread 	of	
vorVces 	 in 	 sVll 	 condiVons 	 in 	ground 	effect 	at 	a 	 speed 	of 	4	kn 	(Hallock, 	 1991). 	This 	was	
considered	to	be	a	reasonable	conservaVve	minimum	for	all	cases	where	the	wind	speed	in	
the	lateral	direcVon	was	less	than	4	kn.
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Figure	11	:	DriF	Extent	esVmate	algorithm	for	AT-802A	and	C-130
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5.1.2 Methodology	For	Lockheed	C-130A

While	a	deficiency	was	idenVfied	in	AGDISP’s	representaVon	of	the	C-130A,	this	was	determined	to	
only	affect	the	near-field	results.	The	effect	of	this	is	that	the	amount	of	mass	remaining	aloF	is	
under-represented 	by 	AGDISP	close 	 to 	 the 	aircraF, 	but 	at 	 larger 	distances 	 the 	behavior 	of 	 the	
dispersant	is	conservaVvely	modeled,	albeit	from	the	incorrect	starVng	point	of	an	under-predicVon	
of	the	amount	of	mass	aloF.	Accordingly, 	a	scaling	factor	was	applied	to	the	spray	driF	extents	
predicted	by	AGDISP	in	order	to	produce	a	conservaVve	esVmate	of	the	spray	driF	extent	from	the	
C-130.	This	scaling	factor	is	in	addiVon	to	the	15	%	scaling	factor	for	resoluVon	of	lateral	and	track	
wise	driF	components	as	discussed	in	SecVon	5.1.1	above.	The	algorithm	used	to	generate	the	driF	
esVmates	for	different	wind	direcVons	is	otherwise	idenVcal	to	that	applied	in	Figure	11.	

5.1.2.1 Development	Of	Scaling	Factor	For	The	C-130A

To	develop	the	required	scaling	factor	for	the	esVmaVon	of	driF	extent	from	the	C-130A,	three	
scenarios	were	idenVfied	as	suitable	for	direct	comparison	between	AGDISP	and	the	extended	CFD	
results	(with	the	condiVons	described	below).	These	cases	all	considered	a	crosswind	of	20	kn	at	a	
variety	of	flight	speeds	and	alVtudes,	with	the	results	of	the	comparison	presented	in	Table	3.

The	fuselage	scaling	factor	was	calculated	by:

● IdenVfying 	 the 	 fracVon 	 aloF 	 for 	 which 	 the 	 difference 	 between 	 the 	 CFD 	 and 	 AGDISP	
predicVons	is	greatest.

● Determining	the	percentage	difference	in	predicted	distance	at	this	fracVon	aloF.

● Applying	this	to	all	AGDISP	results	for	the	C-130A.

The	maximum	difference	between	the	CFD	results	and	the	AGDISP	simulaVons	occurs	at	a	similar	
fracVon	aloF	and	distance	behind	the	aircraF	in	all	the	cases	invesVgated.	The	maximum	difference	
in	extent	for	a	given	fracVon	aloF	was	found	to	be	150	F	(a	maximum	difference	of	38	%).	In	order	
to	be	conservaVve	a	40	%	scaling	factor	was	applied	to	all 	AGDISP	results	for	the	C-130.	This	 is	
considered 	 appropriately 	 conservaVve 	 in 	 light 	 of 	 the 	 simplificaVons 	 and 	 assumpVons 	made 	 in	
generaVng	the	C-130A	CFD	model.

Table	3:	Assessment	Of	CFD	And	AGDISP	For	Scaling	Factor

Wind	
Speed	
(kn)

AlVtude
(F)

Ground	
Speed
(kn)

FracVon	of	
spray	aloF	at	
maximum	
difference

CFD	
Distance	at	
Threshold

(F)

AGDISP	
Distance	at	
Threshold

(F)

Difference
(F)

Difference

20 75 150 0.42 490.1 354.6 135.5 38	%

20 100 150 0.43 634.5 477.7 156.8 33	%

20 100 200 0.58 523.6 394.3 129.3 33	%
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5.1.3 Methodology	For	Douglas	DC-3	And	DC-4

The	comparison	between	the	CFD	and	AGDISP	results	indicated	that	the	DC-3	and	DC-4	could	not	be	
accurately 	modeled 	within 	AGDISP. 	As 	such, 	 the 	 following 	algorithm	was 	used 	 to 	model 	 these	
aircraF:

1. IdenVfy	a	distance	behind	the	aircraF	where	the	vorVcal	structures	have	largely	stabilized	and	
formed	clear,	disVnct	vorVces.

2. At	this	distance,	extract	the	following	data	on	a	cut 	plane,	perpendicular	to	the	aircraF’s	
direcVon	of	travel,	through	the	aircraF	wake:

2.i. The	posiVon,	strength	and	size	of	the	wake	vorVces;	and

2.ii. The	droplet	sizes	and	posiVons	of	the	dispersant	spray	remaining	aloF	at	the	cut	plane.

3. Use	inviscid	vortex	transport	and	a	Lagrangian	parVcle	model	to	calculate	the	distance	at	
which	99	%	of	the	parVcle	mass	has	touched	down.	

This 	methodology 	 relies 	 on 	 having 	 CFD 	 simulaVons 	 to 	 iniValize 	 the 	 inviscid 	 vortex 	 transport	
calculaVon.	To	minimize	the	number	of	CFD	cases	required	a	 limited	case	list 	was	generated	to	
determine 	 the 	effect 	of 	wind 	 speed 	and 	direcVon 	on 	 spray 	driF. 	To 	develop 	a 	database 	with	
sufficient 	 resoluVon 	 for 	 inclusion 	 in 	 the 	DST, 	 the 	 vortex 	 and 	 parVcle 	 properVes 	 at 	 cases 	 not	
simulated	were	interpolated	based	on	the	limited	case	list.

Aside	from	sea	surface	deposiVon,	no	removal	mechanisms	were	modeled	in	the	Lagrangian	parVcle	
calculaVons.	ParVcles	were	modeled	unVl	the	point	of	impact	on	the	sea	surface	and	the	sea	surface	
was	assumed	to	be	flat.	In	reality	wave	acVon	and	evaporaVon	may	contribute	to	mass	loss	from	the	
dispersant	spray	plume.	Given	that	the	Lagrangian	ParVcle	calculaVons	do	not	include	these	removal	
mechanisms	the	predicted	extent	of	spray	driF	is	considered	conservaVve.

5.1.4 Impact	Of	Dispersant	Outside	The	99	%	Mass	FracRon	Boundary

The	DST	calculates	spray	driF	extents	based	on	the	predicted	distance	to	99	%	of	the	released	mass	
touching	down	on	the	sea	surface.	This	is	considered	to	be	a	conservaVve	measure	of	driF	extent.	
While	a	detailed	assessment	of	the	variaVon	in	concentraVon	of	dispersant	with	distance	away	from	
the	aircraF	has	not	been	conducted,	preliminary	calculaVons	indicate	that	remaining	1	%	of	mass	
represents	approximately	0.03	ounces	of	dispersant	for	every	foot	traveled	by	the	aircraF.	If	the	
enVrety	of	the	mass	falling	outside	the	99	%	boundary	was	assumed	to	fall	within	a	1	foot	wide	
corridor,	this	would	result	in	a	surface	concentraVon	of	dispersant	of	0.03	ounces/square	foot.	In	
reality	the	surface	concentraVon	will	be	significantly	lower,	as	the	dispersant	will	spread	out	as	it	
driFs	away	from	the	point	of	release,	and	the	area	impacted	by	the	final	1	%	of	mass	will	cover	a	
distance	from	the	99	%	boundary	significantly	greater	than	1	foot.
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5.1.5 Response	Surface	Of	Extent	Data

Based	on	 the 	algorithms	presented	 in 	SecVons 	5.1.1	 to 	5.1.3	 databases 	were 	created	 for 	each	
aircraF	containing	data	for	the	maximum	extent	behind	and	perpendicular	to	the	aircraF.	

Each	unique	point	in	the	data	base	is	defined	by	four	variables:	aircraF	velocity,	aircraF	alVtude,	
wind	direcVon	and	wind	speed.	For	each	of	these	data	points	there	is	a	maximum	extent	behind	the	
aircraF 	and 	perpendicular 	 to 	 the 	aircraF 	which 	was 	derived 	using 	 the 	algorithms 	described 	 in	
SecVons	5.1.1	to	5.1.3.	

To	ensure	that	a	smooth	response	surface	was	created	that	captured	any	local	minima	and	maxima	
in	the	soluVon	a	large	number	of	cases	were	considered,	for	example	the	C-130A	database	has	over	
12,000	data	points	within	the	operaVonal	envelope.

Figures	12	and	13	show	3D	representaVons	of	the	response	surfaces	generated	for	the	C-130A	for	a	
number	of	alVtudes.	The	red	points	indicate	the	actual	data	while	the	surface	contour	shows	the	
surface	fit	to	the	data	points.	

The	extent	behind	the	aircraF	shown	in	Figure	12	shows	a	trend	of	increasing	extent	with	increasing	
wind	speed	at	small	angles	(i.e.	headwinds).	Similarly	the	extent	perpendicular	to	the	aircraF	(Figure	
13) 	 shows 	 a 	 trend 	of 	 increasing 	 extent 	with 	 increasing 	wind 	 speed 	at 	 large 	wind 	 angles 	 (i.e.	
crosswinds).	In	both	cases	the	extent	increases	with	higher	alVtudes.

In	addiVon	to	the	expected	trends	in	the	results	there	are	two	important	features	of	the	surfaces	
that	are	a		result	of	the	algorithms	used	to	generate	them:

● In	cases	where	the	relevant	component	of	the	wind	is	less	than	4	kn	the	extent	predicted	is	
constant.	This	is	a	result	of	the	4	kn	minimum	wind	speed	applied	to	low	wind	cases,	this	
provides	a	conservaVve	esVmate	of	the	extent	at	low	wind	speeds.

● At	a	wind	angle	of	60°	there	is	a	disconVnuity	in	the	surface.	This	is	the	boundary	between	
results	that	can	be	directly	simulated	in	AGDISP	and	those	which	have	been	calculated	using	
AGDISP	with	an	addiVonal 	scaling	factor 	to	account	for	the	altered	direcVon.	The	scaling	
factor	causes	a	disconVnuity	at	the	interface	with	a	more	conservaVve	predicVon	used	for	the	
non-standard	AGDISP	cases.	It	should	be	noted	that	as	AGDISP	was	not	used	to	generate	data	
for	the	DC-3	and	DC-4	airframes,	this	feature	is	not	present	in	the	response	surfaces	for	those	
aircraF.

Similar	response	surfaces	were	generated	for	the	AT-802A,	DC-3	and	DC-4,	and	are	incorporated	into	
the	DST.
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Figure	12	:	Response	surface	for	the	C-130A	spray	driF	behind	the	aircraF.	

Figure	13	:	Response	surface	for	the	C-130A	spray	driF	perpendicular	to	the	aircraF.	
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5.1.6 Analysis	Of	Data	Set

InspecVon	of	the	data	set	incorporated	into	the	DST	provides	the	maximum	(i.e.	crosswind)	spray	
driF	extents 	shown	in 	Table	4	 when	using	each	of 	the	four	aircraF.	The	driF	extents	 listed	are	
predicted	when	flying	at	90	degrees	to	a	20	knot	crosswind	and	at	the	maximum	alVtude	for	the	
respecVve	airframes.	This	corresponds	to	an	alVtude	of	100	feet	for	the	C-130A,	DC-3	and	DC-4,	and	
50	feet	for	the	AT-802A.

Table	4:	Maximum	Crosswind	DriF	Extents

AircraF Perpendicular	DriF	Extent	(F)

DC-3 10,550

DC-4 8,250

C-130A 7,400

AT-802A 2,650

AddiVonally,	the	maximum	spray	driF	extents	predicted	when	spraying	in	headwind	condiVons	are	
as	shown	in	Table	5.	The	driF	extents	listed	are	when	flying	at	10	degrees	to	a	35	knot	headwind	and	
at	the	maximum	alVtude	for	the	respecVve	airframes.	These	condiVons	were	selected	as	a	realisVc	
bound	on	operaVons	conducted	in	the	maximum	strength	headwind.

Table	5:	Maximum	Headwind	DriF	Extents

AircraF Perpendicular	DriF	Extent	(F)

DC-3 2,350

DC-4 1,500

C-130A 2,750

AT-802A 900

NoVng	that	spray	operaVons	are	generally	conducted	with	the	aircraF	flying	 into	the	wind, 	the	
results	shown	in	Table	5	are	considered	representaVve	of	the	driF	extents	which	could	be	used	as	
input	into	determining	setback	distances	during	operaVons	in	the	highest	operable	wind	strength.	
These 	 distances 	 compare 	 favorably 	 with 	 the 	 setback 	 distances 	 of 	 over 	 2 	 nauVcal 	 miles	
(approximately	12,000	feet)	which	were	used	in	the	response	to	the	Deepwater	Horizon	spill.	

Significant	differences	exist	between	the	predicted	driF	extents	for	the	four	airframes	considered.	
While	the	low	driF	extents	for	the	AT-802A	are	largely	driven	by	the	lower	alVtude	used	in	modeling	
that	aircraF	(50	feet	vs	100	feet	for	the	other	three	aircraF),	the	differences	between	the	DC-3,	DC-4	
and	C-130A	are	influenced	by	a	number	of	factors,	including	aircraF	weight,	flap	configuraVons	and	
spray	boom	length.	The	use	of	 long	spray	booms	on	the	DC-3,	which	 inject	dispersant	 into	the	
airflow	in	the	vicinity	of	the	wingVp	vorVces,	is	likely	to	influence	the	large	driF	extents	predicted	for	
the	DC-3.	
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5.2 SOFTWARE	DEVELOPMENT

The 	development 	of 	 the 	DST 	was 	undertaken 	using 	a 	 structured 	approach. 	This 	approach 	was	
designed	to	maximize	the	usability	and	expandability	of	the	end	product.	The	following	acVviVes	
were	conducted:

● User	Engagement	–	In	Phase	1	on	the	project	a	number	of	potenVal	end	users	were	idenVfied	
as	potenVal	stakeholders.	Workshops	were	conducted	to	determine	what	funcVonality	was	
desired	in	the	DST.

● Requirements 	 SpecificaVon 	 - 	 At 	 the 	 conclusion 	 of 	 the 	 user 	 engagement 	 process 	 a	
requirements	specificaVon	was	developed	which	summarized	the	funcVonality	requirements	
for	both	a	planning	and	operaVonal	mode.	This	defined	the	requirements	of	the	DST.

● Technical	specificaVon	–	using	the	requirements	specificaVon	a	methodology	was	developed	
for 	 delivering 	 the 	 funcVonality 	 required. 	 Throughout 	 this 	 process 	 of 	 developing 	 a	
methodology	a	number	of	addiVonal	inputs	and	outputs	were	idenVfied	and	high	level	design	
of	the	algorithms	was	documented.

● Flow	charVng	of 	DST	algorithms 	– 	Based	on	 the 	 technical 	specificaVon	flow	charts 	were	
developed	to	idenVfy	the	informaVon	flow	throughout	the	algorithm.	This	process	helped	to	
determine	the	best 	data 	structures	for 	the	DST	and	develop	a 	modular 	architecture	that	
facilitates	expansion	of	the	DST.

● Modular	code	development	and	tesVng	–	Based	on	the	flow	charts	modules	were	created	for	
each	of	the	main	processing	algorithms	(as	shown	in 	Figure	8).	Each	module	was	created	
independently	and	verificaVon	tests	for	each	module	were	conducted	before	the	modules	
were	combined	into	the	main	DST	program.

● GUI	interface	design	–	Based	on	the	requirements	specificaVon	a	number	of	GUI	windows	
were	mapped	out.	Coding	of	these	GUI	pages	was	done	using	the	ABSOFT	Fortran	libraries	
interfacing	with	the	Qt	graphics	package.

● DST	VerificaVon	and	tesVng	–	Once	the	DST	was	completed	a	comprehensive	validaVon	test	
suite	was	developed	to	test	the	inputs	and	outputs	of	the	code	for	a	set	of	known	values.	In	
addiVon	to	this	an	alpha	version	of	the	code	was	distributed	to	project	staff	for	tesVng	of	the	
GUI	interface.

5.3 SOFTWARE	VERIFICATION

In	order	to	demonstrate	that	the	DST	was	developed	in	accordance	with	the	requirements	idenVfied	
in	Phase	1	of	the	project	(as	reported	in	the	Requirements	SpecificaVon	included	as	Appendix	C	to	
this	report),	a	verificaVon	acVvity	was	conducted	whereby	the	performance	of	the	soFware	against	
each	of	the	idenVfied	requirements	has	been	documented.	The	documented	verificaVon	of	the	DST	
is 	 included 	 as 	Appendix 	 D 	 to 	 this 	 report. 	 It 	 should 	 be 	 noted 	 that 	 repeated 	 statements 	 of 	 a	
requirement	in	the	Requirements	SpecificaVon	have	been	omiWed	for	clarity.
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The	DST	has	full	or	parVal	compliance	against	all	of	the	requirements	outlined	in	the	specificaVon	in	
Appendix	C.	The	only	requirement	for	which	parVal	compliance	was	achieved	was	in	relaVon	to	an	
opVonal	output	in	terms	of	concentraVon	contours.	It	was	noted	in	the	specificaVon	that:

This	is	a	preference	that	was	raised	at	the	Working	Group	MeeIng;	whether	it	is	included	in	the	final 	
program	will	depend	on	its	feasibility	with	the	CFD	technique	implemented.

ConcentraVon	gradient	was	not	developed	in	this	scope	of	work.	However,	the	architecture	of	the	
DST 	has 	been 	developed	such	 that 	only 	minor 	alteraVons 	 to 	 the 	database 	 structure 	would 	be	
required	to	provide	a	concentraVon	gradient	output.
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6 CONCLUSIONS

The	following	conclusions	are	made	as	a	result	of	the	work	undertaken	during	the	project:

1. A	Decision	Support	Tool	has	been	developed	which	meets	the	requirements	idenVfied	during	
the	stakeholder	engagement	phase	of	the	project.	

2. Of	the	exisVng	regulatory	models	used	to	predict	the	aerial	extent	of	spray	driF,	AGDISP	was	
idenVfied	as	the	most	appropriate	for	use	in	offshore	applicaVons

3. High	fidelity	CFD	models	were	used	to	predict	the	dispersant	spray	driF.	The	following	major	
findings	were	made	as	a	result	of	the	CFD	modeling	acVviVes:

3.i. QualitaVve	validaVon	of	the	results	showed	that	the	CFD	models	captured	the	significant	
flow	structures	affecVng	the	dispersant	trajectories.

3.ii. The 	flap 	 vorVces 	 and 	 fuselage 	wake 	were 	 found 	 to 	 have 	 a 	 significant 	 effect 	 on 	 the	
dispersant 	 spray 	 driF 	 for 	 the 	 C-130A, 	 DC-3 	 and 	 DC-4. 	 These 	 effects 	 are 	 widely	
acknowledged	features	of	the	wake	generated	by	aircraF,	but	have	not	previously	been	
studied	with	regard	to	their	effect	on	dispersant	spray	driF.

3.iii. For 	AT-802A	and	C-130A	the 	wind	angle 	did 	not 	significantly 	affect 	 the 	total 	distance	
travelled	by	spray	driF.	As	such,	for	wind	direcVons	outside	the	allowable	input	range	of	
AGDISP,	spray	driF	can	be	predicted	on	the	basis	of	post-processed	AGDISP	extents.

3.iv. A 	 set 	 of 	 AGDISP 	 input 	 parameters 	 was 	 developed 	 which 	 provided 	 appropriately	
conservaVve	esVmates	of	spray	driF	for	the	C-130A	and	the	AT-802A.

4. The	high	fidelity	CFD	study	found	that	for	some	aircraF,	AGDISP	was	not	capturing	important	
flow	features	and	was	under	predicVng	the	extent	of	spray	driF.	Specifically	for	each	airframe	
the	following	was	found:	

4.i. AGDISP	is	a	suitably	conservaVve	tool	for	modeling	the	driF	extent	of	dispersant	sprayed	
from	an	Air	Tractor	AT-802A.	The	DST	uses	AGDISP	results	to	esVmate	the	extent	of	spray	
driF	for	this	aircraF.

4.ii. The	simplificaVons	inherent	in	AGDISP	(in	parVcular	the	omission	of	fuselage	wake	effects)	
result 	 in 	 an 	 inability 	 to 	 accurately 	 characterize 	 the 	 near 	field 	 behavior 	of 	 dispersant	
sprayed	from	a 	Lockheed	C-130A. 	This 	 inaccuracy	can	be	corrected	 for 	by	applying 	a	
correcVon	factor	derived	from	the	difference	between	the	CFD	and	AGDISP	results.	The	
DST	uses	the	factored	AGDISP	results	to	esVmate	the	extent	of	spray	driF	for	this	aircraF.

4.iii. AGDISP	is	unable	to	accurately	represent	the	spray	release	from	the	DC-3,	owing	to	the	
presence	of	main	wing	flap	vorVces,	which	are	not	modeled	in	AGDISP	and	their	relaVve	
proximity	to	spray	nozzles.	The	DST	uses	the	results	from	the	CFD	models	(as	extended	by	
a	Lagrangian	parVcle	calculaVon)	to	esVmate	the	extent	of	spray	driF	for	this	aircraF.

4.iv. AGDISP 	 is 	 unable 	 to 	 accurately 	 represent 	 the 	 spray 	 release 	 from 	 the 	 over 	 wing	
arrangement	used	on	the	DC-4,	and	the	resulVng	inaccuracy	cannot	be	corrected.	The	DST	
uses	the	results	from	the	CFD	models	(as	extended	by	a	Lagrangian	parVcle	calculaVon)	to	
esVmate	the	extent	of	spray	driF	for	this	aircraF.
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5. The	DST	predicts	driF	extents	for	each	of	the	four	aircraF	modeled	which,	parVcularly	in	
headwind	condiVons,	are	significantly	less	than	the	setback	distances	which	have	been	used	
in	previous	oil 	spill 	 response	campaigns.	The	maximum	(i.e. 	crosswind) 	setback	distances	
were	found	to	be:

5.i. DC-3	–	10,550	feet;

5.ii. DC-4	–	8,250	feet;

5.iii. C-130A	–	7,400	feet;	and

5.iv. AT-802A	–	2,650	feet.

6. The 	DST 	accounts 	 for 	 the 	effects 	of 	wind 	 strength 	and 	direcVons 	 such	 that 	 in 	 favorable	
condiVons	(i.e.	lower	wind	strength),	setback	distances	may	be	defined	which	are	significantly	
lower	than	those	which	have	been	previously	used.	

7. Significant 	 differences 	 exist 	 between 	 the 	 predicted 	 driF 	 extents 	 for 	 the 	 four 	 airframes	
considered. 	While 	 the 	 low	driF 	extents 	 for 	 the 	AT-802A	are 	 largely 	driven 	by 	 the 	 lower	
alVtude	used	in	modeling	that	aircraF	(50	feet	vs	100	feet	for	the	other	three	aircraF),	the	
differences 	between 	the	DC-3, 	DC-4 	and 	C-130A	are 	 influenced	by 	a 	number 	of 	 factors,	
including	aircraF	weight,	flap	configuraVons	and	spray	boom	length.	The	use	of	long	spray	
booms	on	the	DC-3,	which	inject	dispersant	 into	the	airflow	in	the	vicinity	of	the	wingVp	
vorVces,	is	likely	to	influence	the	large	driF	extents	predicted	for	the	DC-3.	
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7 RECOMMENDATIONS

During	the	project	a	number	of	phenomenon	and	trends	affecVng	spray	driF	were	observed.	The	
CFD 	 invesVgaVons 	 in 	 parVcular 	 idenVfied 	 a 	 number 	 of 	 key 	 flow 	 features 	 affecVng 	 spray 	 driF	
behavior.	Based	on	the	work	conducted	and	the	results	obtained	during	this	project,	a	number	of	
recommendaVons	have	been	made,	as	follows.

7.1 AREAS	FOR	FURTHER	INVESTIGATION

7.1.1 Extensions	To	ExisRng	Model	Inventory

A	large	number	of	airframes	are	used	during	oil	spill	response	operaVons.	Only	a	small	subset	of	
these	have	been	 included	 in	the	 iniVal 	release	of 	the	DST.	Furthermore	there	are	a	number	of	
different	spray	configuraVons 	and	parameters 	that 	have	a 	significant 	 impact 	on	spray	driF	that	
should	be	assessed	and	could	be	included	in	the	DST	inputs.	These	include:

(i) AddiVonal	Airframes.

(ii) MulVple	spray	systems	for	each	aircraF	(different	boom	layouts	or	nozzle	dimensions).

(iii) Different	parVcle	size	distribuVons.	 In	the	current	scope	of	work	the	American	Society	of	
Agricultural	Engineers	(ASAE)	Medium	to	coarse	distribuVon	was	applied	to	all	airframes.	This	
was	selected	on	the	basis	of	a	limited	amount	of	data.	Coarser	parVcle	size	distribuVons	are	
likely	to	lead	to	smaller	extents	of	driF.

(iv) MulVple	dispersant	opVons,	for	example	gel	dispersants	or	other	liquid	dispersant	varieVes.	
This	study	only	invesVgated	the	Corexit	EC9500A	dispersant.

(v) The 	 inclusion 	of 	mulVple 	mass 	 removal 	mechanisms 	 from	the 	 spray 	cloud 	 including, 	 for	
example,	evaporaVon.

(vi) Modeling	of	the	DC-3	without	flaps	deployed,	which	would	allow	realisVc	evaluaVon	of	higher	
ground 	 speeds 	 and 	 wind 	 speeds, 	 thereby 	 extending 	 the 	 DC-3 	 driF 	 extent 	 predicVon	
parameter	space.

7.1.2 QuanRtaRve	ValidaRon	Of	CFD	Results

No 	 quanVtaVve 	 data 	 from 	 experimental 	 spray 	 trials 	 was 	 available 	 during 	 the 	 CFD 	 validaVon	
acVviVes.	While	the	CFD	models 	were	qualitaVvely	validated	against 	 images	of	dispersant	spray	
operaVons, 	 and 	 the 	modeling 	 was 	 conducted 	 in 	 accordance 	 with 	 best 	 pracVce, 	 quanVtaVve	
validaVon	of	the	predicted	driF	extents	would	increase	confidence	in	the	results	of	the	CFD	models.	
The	resulVng	increased	confidence	in	the	CFD	models	is	likely	to	provide	the	following:

(i) AT-802A	–	ConfirmaVon	that	AGDISP	is	a	suitably	conservaVve	tool	for	modeling	the	extent	of	
spray	driF. 	 If 	AGDISP	 is 	 found	to 	be 	overly 	conservaVve, 	a 	CFD	model 	could 	be 	used	 to	
provide	higher	fidelity	esVmates	of	the	spray	driF	in	order	to	reduce	setback	distances.
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(ii) C-130A	–	A	reducVon	in	the	degree	of	conservaVsm	applied	in	factoring	the	results	from	
AGDISP.	If	CFD	results	compare	well	with	the	experimental	data,	the	CFD	models	could	be	
used	directly 	 to 	predict 	the 	driF	extent. 	This 	would 	 likely 	 lead	to	a	 reducVon	 in	setback	
distances.

(iii) DC-3	and	DC-4	–	Increased	confidence	in	the	modeling	results.	This	would	then	lead	to	a	
reducVon	in	setback	distances	as	lower	safety	factors	could	appropriately	be	used	by	the	
operators	of	the	DST.	

Accordingly, 	 it 	 is 	 recommended 	 that 	 OSROs 	 be 	 asked 	 to 	 provide 	 spray 	 trial 	 data 	 to 	 enable	
quanVtaVve 	 validaVon 	of 	 the 	modeling 	 results. 	 Furthermore, 	 consideraVon 	 should 	be 	 given 	 to	
requiring	spray	trials 	 to	be	conducted	before	granVng	approval 	 for 	new	airframes	and/or	spray	
systems	to	be	used	in	oil	spill	response.	Data	acquired	from	such	programs	could	be	used	to	update	
the	DST.

7.1.3 DeterminaRon	Of	Surface	ConcentraRon	Of	Dispersant

ConsideraVon	should	be	given	to	modifying	the	DST	to	provide	concentraVon	of	dispersant	as	an	
output.	Contours	of	dispersant	deposiVon	could	be	used	to	help	oil	spill	responders	confirm	they	are	
applying	sufficient	spray	to	the	oil	spill.	If	contours	of	a	ground	level	concentraVon	(in	the	air	or	in	
the	water)	are	generated,	this	may	be	linked	to	acceptable	concentraVons	in	terms	of	human	health	
impacts.	

7.1.4 Human	Health	And	Environmental	Impact	Assessment

ConsideraVon 	 should 	 be 	 given 	 to 	 studying 	 the 	 health 	 effects 	 of 	 dispersants 	 with 	 a 	 view 	 to	
determining	the	allowable	exposure	threshold.	This	should	 include	dermal	and	inhalaVon	limits,	
including	exposure	to	the	eyes.	Such	health	effect	studies	could	further	inform	exposure	limits	for	
setback	distances.	

7.2 CONDUCT	OF	SPRAYING	OPERATIONS

7.2.1 Use	Of	The	DST

The	DST	should	be	used	with	appropriate	safety	factors	applied	to	its	driF	extent	outputs.	When	
determining	the	appropriate	factor	for	a	given	oil	spill	operaVon,	consideraVon	should	be	given	to:

(i) The	modeled	aircraF,	operaVonal	parameters	and	spray	system	properVes	used	to	generate	
the	data	in	the	DST,	and	any	differences	with	actual	values.	

(ii) The 	 inbuilt 	 conservaVsm 	 in 	 the 	 AT-802A 	 and 	 C-130A 	 driF 	 extent 	 predicVons 	 (achieved	
through	the	use	of	AGDISP),	which	is	greater	than	that	for	the	DC-3	and	DC-4.

(iii) Changes	to	condiVons	during	operaVons	which	may	affect	the	accuracy	of	the	driF	extent	
predicVons	made	by	the	DST.	Operators	should	conVnue	to	use	spoWer	aircraF	to	ascertain	
whether	driF	extent	is	exceeding	the	predicVons	made.
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It	should	be	noted	that	the	DST	provides	an	assessment	of	operability	based	on	the	input	weather	
condiVons 	 only. 	 AddiVonal 	 factors 	 such 	 as 	 precipitaVon 	 or 	 thunder 	 storms 	 may 	 impact 	 on	
operability 	 in 	 condiVons 	 that 	 are 	 otherwise 	 suitable 	 for 	 conducVng 	 spraying 	 operaVons. 	 Final	
decisions	as	to	whether	or	not	operaVons	are	conducted	should	be	made	by	the	pilots	in	charge	
considering	all	available	informaVon	as	to	the	safety	of	conducVng	spraying	operaVons.

7.2.2 SelecRon	Of	AircraD	And	Spray	Systems

The	results	obtained	in	developing	the	DST	indicate	that	spray	driF	extents	vary	considerably	for	the	
various	aircraF	considered.	This	project	has	resulted	in	the	development	of	models	which	may	in	
future	be	used	to	determine	the	effects	of	spray	system	parameters	on	the	driF	extent.	While	the	
selecVon	of	specific	aircraF	is	likely	to	be	informed	by	consideraVons	other	than	spray	driF	extent	
(such	as	availability	and	aircraF	flight	range),	ongoing	development	of	spray	systems	should,	where	
pracVcal,	consider	the	selecVon	of	spray	boom	geometry	in	order	to	minimize	the	spray	driF	extent.	
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1 INTRODUCTION

1.1 DST	SCOPE

The	Decision	Support	Tool	(DST)	was	developed	by	AMOG	on	behalf	of	the	Bureau	of	Safety	and	

Environmental	Enforcement	(BSEE)	under	contract	number	E15PC00015.	The	purpose	of	the	DST	is	

to	assist	planners	to	idenTfy	operaTonal	windows	and	esTmate	appropriate	setback	distances	for	

aerial 	dispersant 	sorTes 	based	on	forecast 	meteorological 	condiTons, 	aircraE	types 	and	release	

rates.

It	is	envisioned	that	the	DST	will	be	used	in	conjuncTon	with	exisTng	oil	spill	response	planning	tools	

such	as	Dispersant	Mission	Planner	2	(DMP2)	[1]	and	Geographic	InformaTon	System	(GIS)	mapping	

packages	for	fast	and	effecTve	planning	of	oil	spill	response.

1.2 DST	CONCEPT

The 	DST 	 leverages 	 the 	numerical 	accuracy	and 	efficiency	of 	a 	number	of 	modeling 	 techniques,	

including 	AGDISP, 	 and 	ComputaTonal 	 Fluid 	Dynamics 	 (CFD) 	 simulaTons. 	 Care 	was 	 taken 	when	

developing	the	DST	to	use	the	most	robust	models 	that 	accurately	represent	the	complex	flow	

structures 	present 	 behind 	 each 	aircraE. 	 The 	 results 	 of 	 these 	models 	were 	 used 	 to 	develop 	 a	

database	for	each	aircraE	which	is	accessed	by	the	DST	at	run	Tme	to	predict	the	extent	of	spray	

driE.	

1.3 DEFINITION	OF	MAXIMUM	EXTENT

The	outputs	of	the	DST	planning	tool	include	the	maximum	extent	of	spray	driE.	

The	predicTon	of	extent	of	dispersant	driE	distance	at	the	sea	surface	is	the	horizontal	distance	from	

the	aircraE	flight	path	at	which	99	%	of	the	released	mass	has	touched	down.

As	 this	is	a	definiTon	based	on	a	percentage	of	mass	released	from	the	aircraE,	the	total 	mass	

released	will	have	an	influence	on	the	concentraTon	of	dispersant	at	the	point	of	maximum	extent.	

The 	DST	makes 	no	assumpTons 	about 	what 	Ground	Level 	ConcentraTon 	 (GLC) 	of 	dispersant 	 is	

acceptable	to	human	health.	Use	of	the	maximum	extent	predicted	by	the	DST	should	be	informed	

by	the	toxicology	of	the	dispersant	used	in	the	spraying	operaTons.

While	a	detailed	assessment	of	the	variaTon	in	concentraTon	of	dispersant	with	distance	away	from	

the	aircraE	has	not	been	conducted,	preliminary	calculaTons	indicate	that	remaining	1	%	of	mass	

represents	approximately	0.03	ounces	of	dispersant	for	every	foot	traveled	by	the	aircraE	(for	a	5	

gpa	applicaTon	rate).	If	the	enTrety	of	the	mass	falling	outside	the	99	%	boundary	was	assumed	to	

fall	within	a	1	foot	wide	corridor,	this	would	result	in	a	surface	concentraTon	of	dispersant	of	0.03	

ounces/square	foot.	In	reality	the	surface	concentraTon	will	be	significantly	lower,	as	the	dispersant	

will	spread	out	as	it	driEs	away	from	the	point	of	release,	and	the	area	impacted	by	the	final	1	%	of	

mass	will	cover	a	distance	from	the	99	%	boundary	significantly	greater	than	1	foot.	
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Given	that 	the	predicTon	of 	extent 	 is 	based	on	a	mass	fracTon, 	the	DST	does	not	account	 for	

mulTple	spray	passes	being	made.	It	is	assumed	that	addiTonal	spray	passes	will	be	made	at	a	full	

swath	width	inside	the	boundary	of	the	area	to	be	sprayed.	As	such,	addiTonal	passes	will 	not	

increase	the	maximum	extent	of	spray	driE.	They	will	however	have	an	impact	on	the	GLC	at	the	

distance	defined	as	the	maximum	extent	of	spray	driE.

1.4 SYSTEM	REQUIREMENTS

The	DST	supports	both	Windows	and	Mac	OS	X	operaTng	systems.	See	SecTon	5.1	for	details	of	the	

specific	operaTng	system	versions	for	which	the	soEware	has	been	tested.	The	Planning	mode	of	

the	DST	requires	the	use	of	a	GIS	package	capable	of	viewing	.kml	files,	as	described	in	SecTon	5.3.
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2 DISCLAIMER

This	soEware	has	been	developed	to	provide	input	guidance	to	the	seVng	of	setback	distances	for	

aerial	dispersant	spraying	operaTons	for	the	applicaTon	of	dispersants	to	mariTme	oil	spills.	Its	use	

in	other	applicaTons	should	be	undertaken	with	care	and	no	warranty,	implied	or	otherwise	is	made	

for	its	use	in	such	applicaTons.

Whilst	every	effort	has	been	made	to	ensure	the	predicTons	produced	by	the	soEware	are	accurate,	

the	producTon	of	the	soEware	has	required	certain	assumpTons	and	simplificaTons	to	be	made.	

Full	details	of	the	technical	basis	for	the	soEware	and	its	development	process	are	contained	in	the	

suite	of	technical	reports	that	accompanied	its	development.

The	predicTons	produced	by	this	soEware	are	intended	as	a	guide	only.	Environmental	condiTons	

over	the	target	area	may	vary	from	those	used	to	generate	predicTons	and	localized	effects	may	

influence	the	degree	of	dispersant	spread.	Accordingly,	final	responsibility	for	the	seVng	of	setback	

distances	and	the	applicaTon	of	dispersants	lies	with	flight	operaTons	personnel.

Under 	 no 	 circumstances 	 should 	 this 	 soEware 	 be 	 used 	 to 	 set 	 safe 	 setback 	 distances 	 for 	 the	

applicaTon	of	material	known	to	be	hazardous	to	human	health.
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3 GETTING	STARTED

This	secTon	provides	instrucTons	for	running	the	test	cases	distributed	with	the	DST.	AddiTonal	

detail	on	the	funcTonality	of	the	DST	is	presented	in	the	remaining	secTons	of	the	user	guide.	The	

following	input	files	are	included	with	the	DST:

● GoM_Oil_Spill.kml	–	an	example	oil	spill	in	the	Gulf	of	Mexico.

● GoM_Spray_Area.kml	 –	an	example	area	in	which	spraying	is	allowed.	This	area	intersects	

with	GoM_Oil_Spill.kml

● Forecast1.csv	–	an	example	forecast	in	which	weather	condiTons	gradually	increase	beyond	

the	operability	limits.

● Forecast2.csv	 – 	 a 	more 	 complex 	 example 	 forecast 	 in 	which 	weather 	 condiTons 	 change	

dramaTcally.

The	following	steps	will	demonstrate	the	key	features	of	the	DST:

(i) Ensure	that	the	system	requirements	have	been	met,	as	described	in	SecTon	5.	In	parTcular,	

you	will	need:

● SoEware	capable	of	viewing	*.kml	files.	Google	Earth	is	suggested,	or	a	free	online	tool	is	

available	at	hUp://ivanrublev.me/kml/

● For	Windows	operaTng	systems,	the	required	Visual	Studio	libraries	(see	SecTon	5.2)	must	

be	installed.

(ii) Copy	the	folder	corresponding	to	your	operaTng	system	(either	DST_Windows	or	DST_Mac)	

to	your	desired	instal	locaTon.

(iii) Double	click	on	DST.exe	(Windows)	or	DST.app	(Mac)	to	start	the	DST.

(iv) Read	the	welcome	message	and	click	OK	if	you	agree.

OperaQonal	mode:

(i) Select	the	OperaTonal	mode	and	click	OK.

(ii) Enter	all	required	inputs	and	click	OK.

(iii) The	DST	will	generate	output	indicaTng	the	predicted	driE	extents	in	the	input	condiTons.

The	output	from	the	instrucTons	above	is	shown	in 	Figure	1.	The	depicted	output	was	generated	

using	the	following	inputs:

● AircraE	–	AT-802A

● AircraE	Heading	–	10	degrees	(relaTve	to	True	North)

● AlTtude	–	45	feet

● AircraE	Ground	Speed	–	120	knots
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● Safety	Factor	–	1

● Wind	Speed	–	15	knots

● Wind	DirecTon	–	10	degrees	(relaTve	to	True	North)

Figure	1	:	Example	Output	from	DST	OperaTonal	Mode

Planning	mode:

(i) Change	modes	by	either	selecTng 	Re-run→Select 	New	Mode 	from	the	top	menu	bar, 	or	

pressing	control-M	(Windows)	or	command-M	(Mac).

(ii) Select	the	Planning	mode	and	click	OK.

(iii) Select 	an 	aircraE, 	and	 input 	the	AircraE	Heading 	and	Safety	Factor	 (AlTtude	and	AircraE	

Velocity	can	be	defined,	but	are	opTonal).

(iv) Select	the	Wind	Forecast	file,	choosing	Forecast1.csv

(v) Select	the	Oil	Spill	Area	file,	choosing	GoM_Oil_Spill.kml

(vi) Select	the	Planned	Spray	Release	Area	file,	choosing	GoM_Spray_Area.kml	and	click	OK.

(vii) The	DST	generates	the	following	outputs:

● An	Operability	Table, 	 indicaTng	whether	each	forecast 	point 	 is 	suitable	for	conducTng	

spray	operaTons	using	the	aircraE	and	heading	selected.

● Output	results	in	the	main	window,	which	summarise	the	inputs	and	outputs,	and	list	any	

operability	messages.

● The	file 	Spray_Extent.kml, 	which	includes	the	oil	spill 	region	(black),	the	planned	spray	
release	area	(red)	and	the	total	area	predicted	to	be	impacted	by	spray	driE	during	the	

forecast	period	(yellow).

(viii) Open	Spray_Extent.kml	in	soEware	capable	of	viewing	.kml	files.	

(ix) Restart 	 the 	DST 	by 	either 	selecTng 	Re-run→Restart 	from	the 	 top	 menu	bar, 	or 	pressing	

control-R	(Windows)	or	command-R	(Mac).

(x) The	test	case	for	Forecast2.csv	can	be	run	in	the	same	way.

Document	Number	-	t2015.j520.008

Issued	as	Revision	1,	October	14th	2016

Doc	Ref:	Atlas:\...\t2015.j520.008.1.odt

amogconsulTng.com

EIN		20-4906471

TX	PE	Firm	F-11821

AC-E253-09v20130508

http://www.amogconsulting.com/


Decision	Support	Tool	User	Manual 6

The	output	from	the	instrucTons	above	is	shown	in 	Figure	2.	The	depicted	output	was	generated	

using	the	following	inputs:

● AircraE	–	C-130A.

● AircraE	Heading	–	45

● AlTtude	–	85

● AircraE	Velocity	–	175

● Safety	Factor	–	1.2

● Wind	Forecast	–	Forecast1.csv	

Figure	2	:	Example	Output	from	DST	Planning	Mode
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4 VERSION	INFORMATION

Table	1	displays	the	version	informaTon	for	the	DST:

Table	1:	Version	InformaTon

Version	No. Change	Log

1.0.0 First	Release
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5 SYSTEM	REQUIREMENTS

5.1 SUPPORTED	OPERATING	SYSTEMS

The	DST	supports	the	following	operaTng	systems:

● Windows	7	(32	and	64-bit)

● Windows	8	(32	and	64-bit)

● Windows	10	(32	and	64-bit)

● Mac	OS	X	10.11	El	Capitan

● Mac	OS	X	10.10	Yosemite

● Mac	OS	X	10.9	Mavericks

5.2 RUNTIME	REQUIREMENTS	ON	WINDOWS

In	order	to	run	the	DST	on	a	Windows	operaTng	system,	the	DST	must	be	maintained	within	the	

directory	in	which	it	was	distributed.	RunTme	libraries	required	by	the	DST	are	included	within	this	

directory.

5.3 GIS	PACKAGE

The	DST	outputs	the	extent	of	dispersant	spray	in	the	form	of	a	polygon	defined	by	a	set	of	laTtude-

longitude	coordinates.	The	output	polygon	is	provided	in	the	form	of	a	.kml	file.	Users	will	require	

the	use	of	third	party	soEware	to	visualize	the	polygonal	output	of	the	DST.	SoEware	capable	of	

opening	.kml	files	is	freely	available.	The	.kml	files	output	by	the	DST	have	been	tested	with:

● Google	Earth

● The	online	mapping	tool	accessible	at	hUp://ivanrublev.me/kml/

Document	Number	-	t2015.j520.008

Issued	as	Revision	1,	October	14th	2016

Doc	Ref:	Atlas:\...\t2015.j520.008.1.odt

amogconsulTng.com

EIN		20-4906471

TX	PE	Firm	F-11821

AC-E253-09v20130508

http://ivanrublev.me/kml/
http://www.amogconsulting.com/


Decision	Support	Tool	User	Manual 9

6 USER	INTERFACE

The	user	operates	the	DST	via	a	Graphical	User	Interface	(GUI).	The	DST	user	interface	consists	of	a	

main	text	window	that	displays	summary	results	and	a	series	of	dialog	windows	that	allow	for	user	

input,	as	shown	in	Figure	3:

Figure	3	:	DST	User	Interface

The	informaTon	displayed	in	the	main	text	window	can	be	directly	saved	to	a	text	file	or	printed.

6.1 DISCLAIMER	ACCEPTANCE

Upon	startup	of	the	program,	the	user	is	presented	with	the	Disclaimer	Acknowledgement	Dialog 	
shown	in 	Figure	4.	 By	clicking 	OK, 	the	user	acknowledges	that	they	are	aware	of	the	 underlying	

assumpTons	and	intended	use	of	the	DST.
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Figure	4	:	Disclaimer	Acknowledgement	Dialog

If	this	disclaimer	is	discarded	by	clicking 	Cancel,	the	program	will	not	conTnue	to	the	next	dialog	

window 	and 	 no 	 analyses 	 can 	 be 	 run. 	 The 	 program 	must 	 be 	 closed 	 and 	 re-opened 	 to 	 return	

funcTonality.	The	program	can	be	closed	by	clicking 	DST→Quit	DST	(Mac	OS	X)	or 	File→Quit	DST	

(Windows)	from	the	top	menu	bar.	

6.2 MODES	OF	OPERATION

AEer	acknowledging	the	disclaimer	the	user	is	presented	with	the	Mode	Selec?on	Dialog	(shown	in	
Figure	5).	

The	DST	has	two	operaTng	modes:

(i) OperaQonal	Mode:	takes	as	input	a	single	wind	speed	and	direcTon	and	provides	informaTon	

to	aid	in	establishment	of	setback	distances.

(ii) Planning	Mode:	 takes	Tme	varying	meteorological	data	to	assist	with	the	idenTficaTon	of	

operability	windows	in	which	condiTons	are	conducive	to	spraying	operaTons.

The	user	selects	the	required	mode	with	either	the	OperaQonal	or	Planning	radio	buUon	and	then	

clicks	OK	to	move	to	the	appropriate	input	dialog.
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Figure	5	:	Mode	SelecTon	Dialog

If	the	user	selects	Cancel	the	program	will	return	to	a	neutral	state	where	it	can	either	be	reset	or	

closed.

If	the	user	wishes	to	re-start	aEer	cancelling	the	Mode	Selec?on	Dialog	or	at	anyTme	during	use,	the	

analysis	can	be	restarted	by	selecTng	Re-run→Restart	from	the	top	menu	bar	(shown	in	Figure	6).	

Once	restarted,	the	program	will	remain	in	the	previously	selected	mode.	To	change	modes,	select	

Re-run→Select	New	Mode	from	the	top	menu	bar.	This	will	relaunch	the	Mode	Selec?on	Dialog.

Figure	6	:	Program	Restart
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7 OPERATIONAL	MODE

The	operaTonal	mode	of	the	DST	will	facilitate	the	decisions	required	to	be	made	by	OperaTonal	

personnel	in	conducTng	oil	spill	response.	The	purpose	of	this	mode	will	be	to	allow	the	input	of	a	

single	wind	speed	and	direcTon	likely	to	occur	over	the	course	of	a	day	in	order	to	provide	input	into	

establishing	setback	distances.	

7.1 INPUTS

On	selecTon	of	OperaTonal	Mode	at	the	Mode	Selec?on	Dialog,	the	Opera?onal	Mode	Input	Dialog	
will	display	(Figure	7).	A	descripTon	of	the	user	input	fields	are	as	follows:

I. Select	aircraD:	The	aircraE	types	can	be	selected	from	the	drop	down	list.

II. AircraD	heading 	 (N°):	 Angle 	 for 	aircraE	heading, 	 this 	 should 	be 	provided 	as 	an 	angle 	 in	

degrees	as	measured	from	True	North.	This	value	must	be	between	0°	and	360°,	inclusive.

III. AlQtude	(D): 	AlTtude	of	aircraE	in	feet.	This	value	must	be	greater	than	or	equal	to	zero.	If	

this	field	is	leE	blank	by	the	user	the	default	aircraE	alTtude	is	assumed,	depending	on	the	

airframe	selected.

IV. AircraD	Ground	Speed	(kn):		Ground	speed	of	the	aircraE	in	knots.	This	value	must	be	greater	

than	or	equal	to	zero.	 If 	this	field	 is 	 leE	blank	by	the	user	the	default	aircraE	velocity	 is	

assumed,	depending	on	the	airframe	selected.

V. Safety 	 Factor: 	User-supplied 	 Safety 	 Factor 	 for 	 spray 	 driE 	 extent 	 calculaTons, 	must 	 be	

provided	as	a	value	greater	than	or	equal	to	one.	If	this	field	is	leE	blank	by	the	user	a	Safety	

Factor	of	1	is	assumed.	The	Safety	Factor	is	applied	as	a	mulTplicaTve	factor	to	the	predicted	

spray	extent	distance.	For	example,	a	Safety	Factor	of	2	will	cause	the	DST	to	report	double	

the	predicted	driE	extent	distances.

VI. Wind	Speed	(kn):	Wind	speed	in	knots.	This	value	must	be	greater	than	or	equal	to	zero.

VII. Wind 	DirecQon 	 (N° 	 from): 	A	single, 	Tme 	 invariant 	wind 	direcTon 	specified 	 in 	 clockwise	

degrees	from	True	North.	This	value	must	be	between	0°	and	360°,	inclusive.
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Figure	7	:	OperaTonal	Mode	Input	Dialog

AEer	clicking 	OK	on	the 	Opera?onal	Mode	Input	Dialog,	the	program	will	perform	the	operability	

analysis	and	spray	extent	predicTon.	If 	Cancel	 is	clicked	the	program	will	remain	idle.	The	analysis	

can	be	restarted	by	selecTng	Re-run→Restart 	from	the	top	menu	bar.	The	user	may	return	to	the	

Mode	Selec?on	Dialog	by	selecTng	Re-run→Select	New	Mode	from	the	top	menu	bar	(as	shown	in	

Figure	6).	This	will	relaunch	the	Mode	Selec?on	Dialog.

7.2 RESULTS

On	compleTon	of	the	analysis	the	program	will	automaTcally	display	the	results	in	the	main	window.	

The	results	from	the	OperaTonal	Mode	analysis	are	as	follows	(example	shown	in	Figure	8):

● The	program	version;

● The	date	and	Tme	the	analysis	was	run;

● A	summary	of	all	the	input	fields;

● Results:

○ Maximum	extent	behind	aircraE	rounded	up	to	the	nearest	50	feet;

○ Maximum	extent	perpendicular	to	the	aircraE	rounded	up	to	the	nearest	50	feet;	and

○ Absolute	maximum	extent	rounded	up	to	the	nearest	50	feet,	and	the	direcTon	(bearing	in	

degrees	from	True	North)	of	the	maximum	extent.
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● Any	operability	messages	that	occurred	during	run	Tme,	including	any	messages	specifying	

the	inoperability	cause(s).

● Any	errors	or	warnings	resulTng	from	an	inability	to	predict	the	driE	extent	under	the	input	

condiTons.	This	occurs	for	limited	cases	for	the	DC-3	only.

Figure	8	:	OperaTonal	Mode	Output	Summary

7.3 SAVING	OUTPUT

The	user	can	save	the	results	of	the	analysis	as	plain	text	to	a	file.	This	can	be	done	in	one	of	two	

ways	(as	shown	in	Figure	9):

● Select 	File→Save: 	 This 	will 	 save 	 the 	file 	with 	 a 	default 	 name, 	DST 	output, 	in 	 the 	 same	

directory	as	the	DST	GUI.	

● Select 	File→Save	As:	The	user	can	save	the	file	with	a	custom	name	(and	extension),	in	a	

custom	directory.

Figure	9	:	Saving	OperaTonal	Results
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7.4 PRINTING	OUTPUT

The	user	can	print	the	results	if	required.	Select	File→Print	and	choose	the	desired	prinTng	seVngs.	

AddiTonally,	select	File→Print	Setup	before	prinTng	to	adjust	the	print	setup.

The	print	funcTonality	described	above	is	shown	in	Figure	10.

Figure	10	:	PrinTng	OperaTonal	Results
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8 PLANNING	MODE

The	planning	mode	of	the	DST	facilitates	the	idenTficaTon	of	potenTal	spraying	windows	for	the	

purpose	of	assisTng	with	planning	decisions	on	the	basis	of	forecast	data.	The	purpose	of	this	mode	

is	to	allow	the	input	of	forecast	Tme-varying	forecast	data	to	facilitate	the	idenTficaTon	of	windows	

conducive	to	spraying	operaTons	(i.e.	operability	windows).

In	addiTon,	this	mode	also	provides	the	ability	to	graphically	integrate	set	back	distances	predicted	

using	the	DST	with	other	oil 	spill 	 response	tools 	by	producing	a	map	layer	 illustraTng	the	area	

affected	by	driE.

8.1 INPUTS

On	selecTon	of	Planning	Mode	at	the	Mode	Selec?on	Dialog,	the	Planning	Mode	Input	Dialog	will	
display	(Figure	11).	The	required	user	input	fields	are	as	follows:

I. Select	aircraD:	The	aircraE	types	can	be	selected	from	the	drop	down	list.

II. AircraD	Heading 	(N°):	 Angle 	 for 	aircraE	heading, 	 this 	 should 	be 	provided 	as 	an 	angle 	 in	

degrees	as	measured	from	True	North.	This	value	must	be	between	0°	and	360°,	inclusive.

III. AlQtude	(D): 	AlTtude	of	aircraE	in	feet.	This	value	must	be	greater	than	or	equal	to	zero.	If	

this	field	is	leE	blank	by	the	user	the	default	aircraE	alTtude	is	assumed,	depending	on	the	

airframe	selected.

IV. AircraD	Ground	Speed	(kn):		Ground	speed	of	the	aircraE	in	knots.	This	value	must	be	greater	

than	or	equal	to	zero.	 If 	this	field	 is 	 leE	blank	by	the	user	the	default	aircraE	velocity	 is	

assumed,	depending	on	the	airframe	selected.

V. Safety 	 Factor: 	User-supplied 	 Safety 	 Factor 	 for 	 spray 	 driE 	 extent 	 calculaTons, 	must 	 be	

provided 	 as 	 a 	 value 	 greater 	 than 	 or 	 equal 	 to 	 one. 	 The 	 Safety 	 Factor 	 is 	 applied 	 as 	 a	

mulTplicaTve	factor	to	the	predicted	spray	extent	distance.

VI. Wind 	 Forecast: 	Wind 	 forecast 	 data. 	 The 	 user 	must 	 provide 	Tme-varying 	meteorological	

forecast	data	formaUed	as	a	.csv	file.	Users	can	search	for	and	select	the	desired	.csv	file	with	

the	browse	buUon	to	the	right	of	the	input	field	(Figure 	11).	Refer	to	SecTon 	8.1.1	– 	Wind

Forecast	Data	File,	for	more	details.	

VII. Oil	Spill	Layer: 	Polygonal	area	for	oil	spill.	The	user	must	provide	a	.kml	file	containing	the	

coordinates	of	the	polygon.	Users	can	search	for	and	select	the	desired	.kml	file	with	the	

browse	buUon	to	the	right	of	the	input	field	(Figure	11).	See	8.1.2	–	Oil	Spill	Region,	for	more	

details.	

VIII. Planned	Spray	Release	Area:	Polygonal	area	for	allowable	flight	coverage	for	spray.	The	user	

must	provide	a	.kml	file	containing	the	coordinates	of	the	polygon.	Users	can	search	for	and	

select	the	desired	.kml	file	with	the	browse	buUon	to	the	right	of	the	input	field	(Figure	11).	

See	8.1.3	–	Planned	Spray	Release	Area,	for	more	details.	
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IX. Output	.kml	filename:	Filename	given	to	the	map	layer	output.	This	filename	can	included	a	

path	relaTve	to	the	directory	containing	the	forecast	file.	If	this	field	is	leE	blank	by	the	user	

the	default	filename	Spray_Extent.kml	is	given	to	the	file.

X. Operability	Table	filename:	Filename	given	to	the	Operability	Table	output.	This	filename	can	

included	a	path	relaTve	to	the	directory	containing	the	forecast	file.	If	this	field	is	leE	blank	by	

the	user	the	default	filename	Operability_Table.csv	is	given	to	the	file.

Figure	11	:	Planning	Mode	Input	Dialog

8.1.1 Wind	Forecast	Data	File

In	the	Planning	Mode,	the	user	must	supply	wind	forecast	data	table	in	the	form	of	a	.csv	file	(an	

example	is	shown	in	Figure	12).	The	data	table	should	contain	column	headers	as	follows:

I. Year:	The	year	of	the	weather	forecast	[yyyy];

II. Month:	The	month	of	the	weather	forecast	[mm];

III. Day:	The	day	of	the	weather	forecast	[dd];

IV. HourMin:	The	hour	of	the	weather	forecast	in	24-hour	Tme	format	[hhmm];
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V. UTCOffset:	The	Coordinated	Universal	Time	(UTC)	offset	in	the	format	[hh].	NegaTve	offsets	

may	be	used;

VI. Wind	Speed:	The	forecast	wind	speed	in	knots,	at	10	metres	above	sea	level;

VII. Wind	Heading:	The	forecast	wind	direcTon	in	degrees	from	True	North;

VIII. Wave	Height:	The	forecast	significant	wave	height	in	feet;	and

IX. Visibility:	The	forecast	visibility	in	statute	miles.

Figure	12	:	Wind	Forecast	Data	File	Example

The	corresponding	data	for	each	variable	should	be	populated	in	the	file.	

8.1.2 Oil	Spill	Region

For	the	Planning	Mode,	the	user	must	supply	an	oil	spill	region	in	the	form	of	a	defined	polygon	

contained	in	a	.kml	file.	Requirements	concerning	the	input	.kml	files	are:

● The	polygon	must	not	contain	more	than	1000	points;

● The	polygon	must	not	be	degenerate,	i.e.	the	polygon	must	form	a	single	closed	area.

8.1.3 Planned	Spray	Release	Area

For	the	Planning	Mode,	the	user	must	supply	a	planned	spray	release	area	in	the	form	of	a	defined	

polygon	contained	in	a	.kml	file.	

8.2 RESULTS

On	compleTon	of	the	analysis	the	program	will	automaTcally	display	the	results	in	the	main	window.	

The	results	from	the	Planning	Mode	analysis	are	as	follows	(also	shown	in	Figure	13):

● The	program	version;

● The	date	and	Tme	the	analysis	was	run;

● A	summary	of	all	the	input	fields;

● Results:

○ The	name	of	the	map	layer	file	generated	with	the	spray	region	(Refer	to	SecTon	8.2.1	–	

Map	Layer	Output	for	detail);
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○ The	name	of	the	operability	table	CSV	file	(Refer	to	SecTon	8.2.2	– 	Operability	Table	for	

detail);	and

○ The	number	of	Tmes	from	the	forecast	file	that	were	not	operable.

● Any	operability	messages	that	occurred	during	run	Tme,	including	any	messages	specifying	

the	inoperability	cause(s).

● Any	errors	or	warnings	resulTng	from	an	inability	to	predict	the	driE	extent	under	the	input	

condiTons.	This	occurs	for	limited	cases	for	the	DC-3	only.

Figure	13	:	Example	Planning	Mode	Output	Summary

8.2.1 Map	Layer	Output

By	default,	the	DST	outputs	a	.kml	file	to	the	directory	containing	the	forecast	file,	with	the	filename	

Spray_Extent.kml.	This	file	contains	the	coordinate	sets	for	the	following	polygon	objects:

● The	oil	spill	region;

● The	planned	spray	release	area;	and

● The	union	between	the	area	that 	forms	the	 intersecTon	between	the	oil 	spill 	region	and	

planned	spray	release	areas,	as	well	as	the	area	predicted	to	be	impacted	by	spray	driE.	

The 	 user 	may 	open 	 the 	 resulTng 	Spray_Extent.kml	 in	 suitable 	 3rd	 party 	 soEware 	to 	 view 	 the	

polygons.	The	following	convenTons	are	used	to	idenTfy	each	region:
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● The	spill	region	is	colored	black	and	is	labeled	“OilRegion”.

● The	flight	region	is	colored	red	and	is	labelled	“FlightRegion”.

● The	spray	extent	region	is	colored	yellow	and	is	labelled	“SprayRegion”.

Figure	14	shows	an	example	output	Spray_Extent.kml	file	as	displayed	in	Google	Earth.

Figure	14	:	Example	Resultant	Spray	Region

Note:	A	single	map	layer	is	generated	as	the	output	of	the	planning	mode.	The	area	output	is	the	

envelope	of	the	99	%	driE	extents	for	all	condiTons	during	the	input	forecast	period.

In	generaTng	the	final	map	layer	the	longitude	and	laTtude	coordinates	input	in	the	oil	spill	.kml	file	

are 	converted 	 to 	Universal 	Transverse 	Mercator 	 (UTM) 	coordinates. 	 If 	 a 	 spill 	 is 	 located 	on 	 the	

boundary	of	mulTple	UTM	zones,	a	small	error	in	the	mapping	of	the	spray	extent	may	occur.	This	

error	will	be	more	severe	at	high	laTtudes.	It	is	assumed	that	the	polygons	are	at	sea	level;	alTtude	

informaTon	is	discarded.
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8.2.2 Operability	Table

By	default,	the	DST	outputs	a	.csv	file	to	the	directory	containing	the	forecast	file,	with	the	filename	

Operability_Table.csv.	An	example	table	is	shown	in	Figure	15.	The	table	is	essenTally	an	appended	

form	of	the	forecast	input	table,	but	shows	for	each	set	of	environmental	condiTons	whether	or	not	

they	are	operable.	The	Operability_Table.csv	has	the	following	column	headers:

I. Year:	The	year	of	the	weather	forecast	[yyyy];

II. Month:	The	month	of	the	weather	forecast	[mm];

III. Day:	The	day	of	the	weather	forecast	[dd];

IV. HourMin:	The	hour	of	the	weather	forecast	in	24-hour	Tme	format	[hhmm];

V. UTCOffset:	The	Coordinated	Universal	Time	(UTC)	offset	in	the	format	[hh].	NegaTve	offsets	

may	be	used;

VI. Wind	Speed:	The	forecast	wind	speed	in	knots,	at	10	metres	above	sea	level;

VII. Wind	Heading:	The	forecast	wind	direcTon	in	degrees	from	True	North;

VIII. Wave	Height:	The	forecast	significant	wave	height	in	feet;	and

I. Visibility:	The	forecast	visibility	in	statute	miles.

II. Operable?:	Yes/No	output	indicaTng	whether	or	not	the	each	set	of	condiTons	is	within	the	

operability	limits	for	the	aircraE	to	be	used.

Figure	15	:	Example	Operability	Table	Output
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8.3 SAVING	OUTPUT

8.3.1 Planning	Mode	Summary

The	user	can	save	the	results	of	the	operability	summary	to	a	desired	file.	This	can	be	done	in	one	of	

two	ways:

● Select 	File→Save: 	 This 	will 	 save 	 the 	file 	with 	 a 	default 	 name, 	DST 	output, 	in 	 the 	 same	

directory	as	the	DST	GUI.	

● Select 	File→Save	As:	The	user	can	save	the	file	with	a	custom	name	(and	extension),	in	a	

custom	directory.

8.3.2 Planning	Mode	Operability	Table

The	user	can	save	the	resulTng	table	to	a	desired	file.	This	can	be	done	in	one	of	two	ways:

● Select 	File→Save: 	This	will 	save	the	file	with	a	default	name, 	Operability_Table.csv, 	in	the	
same	directory	as	the	DST	GUI.

● Select	File→Save	As:	The	user	can	save	the	file	with	a	custom	name	(with	.csv	extension),	in	a	

custom	directory.

8.4 PRINTING	OUTPUT

The	user	can	print	the	summary	results	if	required.	The	instrucTons	for	prinTng	outlined	in	SecTon	

7.4	–	PrinTng	Output	are	applicable	to	the	Planning	Mode	summary.	

8.5 NOTES	ON	USAGE

Users	may	wish	to	use	the	DST	without	defining	separate	areas	for	the	oil	spill	and	the	planned	spray	

release	area.	Use	of	the	Planning	mode	with	a	single	input	area	can	be	achieved	by	inpuTng	the	

same	file	as	both	the	Oil	Spill	Area	and	the	Planned	Spray	Release	Area.

Changes	to	the	wind	direcTon	during	the	forecast 	period	may	result	 in 	 inoperable	Tmes	which	

would	be	operable	if	spraying	was	conducted	on	a	different	aircraE	heading.	All	inoperable	Tmes	

will	be	ignored	when	predicTng	the	driE	extent.	SpliVng	the	forecast	input	file	into	two	separate	

files	(both	with	the	required	column	headings)	allows	for	running	the	DST	for	two	Tme	periods	with	

different	aircraE	headings.	This	will	allow	predicTon	of	operaTonal	driE	extents	during	periods	in	

which	the	wind	direcTon	changes	significantly.
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9 MISCELLANEOUS

9.1 PREFERENCES

Users	can	edit	font	preferences	for	the	printout	of	the	output	summary.	Select	Edit→Font	as	shown	

in 	Figure	16,	and	the	font	editor	interface	will	appear.	The	use	of	monospaced,	i.e.,	fixed-pitch	or	

fixed-width,	fonts	will	retain	the	alignment	of	the	results	output.

Figure	16	:	Edit	Font	Access

9.2 CONFIGURATION

Users	can	access	data	sheets	for	each	of	the	available	airframes.	Select		ConfiguraTon→[Airframe	of	

Choice]	as	shown	in	Figure	17,	to	view	the	configuraTon	data	for	each	airframe.	Refer	to	SecTon	12	

–	Assumed	AircraE	and	Spray	ConfiguraTons	for	full	detail	on	the	individual	airframe	configuraTons.

Figure	17	:	ConfiguraTon	Data	Access
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10 TROUBLESHOOTING

The	following	secTons	describe	the	means	of	troubleshooTng	possible	issues	users	may	face	when	

using	the	DST.	

In	general,	the	DST	may	return	errors	or	warnings	in	one	of	two	interfaces,	as	follows:

● A	GUI	pop-up	dialog	box;	or

● Printed	to	output	stream	during	an	analysis.

10.1 ERROR	DIALOGS

The 	 pop-dialog 	 errors 	 prevent 	 the 	 user 	 from 	 using 	 the 	 program 	 in 	 an 	 unstable 	 fashion 	with	

inadvertent	or	missing	data.	This	type	of	error	will	stop	the	execuTon	of	the	program,	and	may	be	

caused	by:

● Undefined	input	fields;

● AUempTng	to	access	non-existent	files;	or

● AUempTng	to	access	incorrectly	configured	files.

Table	2	describes	specific	instances	of	error	dialogs	and	how	to	troubleshoot	them.

Table	2:	Error	Dialogs

Message	Provided	To	

User

ExecuTon	

Halted

(Yes/No)

DescripTon

Example:

AircraE	Heading	must	be	

provided.

Yes

Cause:	If	the	user	fails	to	enter	values	in	input	fields	

whilst	in	either	OperaTonal	or	Planning	Mode,	an	error	

dialog	will	be	shown.

ResoluQon:	Ensure	that	all	required	fields	are	filled	with	

inputs.

Safety	Factor	must	be	

greater	than	or	equal	to	1.
Yes

Cause:	If	the	user	fails	to	enter	a	value	for	the	Safety	

Factor	greater	or	equal	to	1		whilst	in	either	OperaTonal	

or	Planning	Mode,	an	error	dialog	will	be	shown.

ResoluQon:	Ensure	that	the	Safety	Factor	is	equal	to	or	

greater	than	1.

Example:

Wind	forecast	file	can	not	

be	found.	

Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	file	that	does	not	exist	or	cannot	be	found,	an	

error	dialog	will	be	shown.

ResoluQon:	Ensure	that	the	desired	file	exists	and	has	

appropriate	read/write	permissions.
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Table	2:	Error	Dialogs

Message	Provided	To	

User

ExecuTon	

Halted

(Yes/No)

DescripTon

Example:	

Oil	Spill	.kml	cannot	be	

read.

Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	file	that	does	not	exist	or	cannot	be	read,	an	error	

dialog	will	be	shown.

ResoluQon:	Ensure	that	the	desired	file	exists	and	has	

appropriate	read/write	permissions.

KML	file	configuraTon	

error
Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	.kml	file	that	is	incorrectly	configured	or	lacks	

coordinate	data,	an	error	dialog	will	be	shown.

ResoluQon:	Ensure	that	the	desired	.kml	file	is	correctly	

configured.

KML	File	Coordinate	Point	

Limit	Exceeded
Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	.kml	file	that	contains	1000	or	more	coordinate	

data	points	as	part	of	the	polygon,	an	error	dialog	will	be	

shown.

ResoluQon:	Ensure	that	the	desired	.kml	file	has	less	

than	1000	coordinate	points.

The	Spill	polygon	provided	

in	the	.kml	file	is	

degenerate.

Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	.kml	file	that	contains	coordinates	that	produce	a	

degenerate	polygon,	an	error	dialog	will	be	shown.

ResoluQon:	Ensure	that	the	desired	.kml	file	contains	

coordinates	that	do	not	produce	a	degenerate	polygon.

No	intersecTon	points	

between	the	provided	.kml	

files.

Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	supplies	

polygonal	coordinates	for	the	oil	spill	and	planned	spray	

release	area	that	do	not	intersect,	an	error	dialog	will	be	

shown.	

ResoluQon:	Ensure	that	the	laTtude	and	longitude	

coordinates	defining	the	polygon	boundaries	in	input	

.kml	files	intersect.

Wind	Forecast	File	is	

missing	data.
Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	wind	forecast	.csv	file	that	is	missing	data,	an	

error	dialog	will	be	shown.

ResoluQon:	Ensure	that	the	wind	forecast	data	.csv	file	is	

fully	populated.	

Document	Number	-	t2015.j520.008

Issued	as	Revision	1,	October	14th	2016

Doc	Ref:	Atlas:\...\t2015.j520.008.1.odt

amogconsulTng.com

EIN		20-4906471

TX	PE	Firm	F-11821

AC-E253-09v20130508

http://www.amogconsulting.com/


Decision	Support	Tool	User	Manual 26

Table	2:	Error	Dialogs

Message	Provided	To	

User

ExecuTon	

Halted

(Yes/No)

DescripTon

Error	during	read	of	Wind	

Forecast	File.	This	is	likely	

due	to	the	incorrect	line	

endings.	

Yes

Cause:	Whilst	in	Planning	mode,	if	the	user	aUempts	to	

load	a	wind	forecast	.csv	file	that	is	incorrectly	

configured,	an	error	dialog	will	be	shown.	The	format	of	

the	.csv	file	must	be	as	outlined	in	8.1.1	–	Wind	Forecast

Data	File.	

AddiTonally,	it	is	theoreTcally	possible	to	generate	a	.csv	

file	with	line	endings	which	are	not	recognised	by	the	

DST.

ResoluQon:	Ensure	the	.csv	file	has	the	same		structure	

as	outlined	in	8.1.1	–	Wind	Forecast	Data	File.	If	

incorrect	line	endings	are	the	suspected	cause,	generate	

the	.csv	file	with	MicrosoE	Excel.

Wind	speed	exceeds	10	

knots.	The	DST	is	unable	to	

predict	the	spray	driE	

extent	for	the	DC-3	when	

the	wind	speed	exceeds	10	

knots.

Yes

Cause:	At	the	present	Tme,	spray	driE	extents	cannot	be	

predicted	for	the	DC-3	in	wind	speeds	greater	than	10	

knots,	because	the	DC-3	is	known	to	operate	without	

flaps	under	these	condiTons,	which	is	not	within	the	

present	data	set.

10.2 WARNING	DIALOGS

A	warning	will	be	issued	by	the	DST	if	the	inputs	exceed	the	maximum	calculable	groundspeed	for	

the	DC-3	of	130	knots.

Table	3:	Warning	Dialogs

Message	Provided	To	

User

ExecuTon	

Halted

(Yes/No)

DescripTon

Groundspeed	exceeds	130	

knots.	The	DST	is	unable	to	

predict	the	spray	driE	

extent	for	the	DC-3	when	

the	groundspeed	exceeds	

130	knots.

No

Cause:	Groundspeeds	greater	than	130	knots	results	in	

unrealisTc	flight	condiTons	when	using	the	assumed	flap	

deployment	angle.

Effect:	The	DST	will	provide	a	spray	driE	extent	

predicTon	which	corresponds	to	a	groundspeed	of	130	

knots.
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11 INBUILT	OPERABILITY	LIMITS

When	using	the	DST,	the	following	airframes	can	be	selected:

● Air	Tractor	AT-802A

● Lockheed	C-130A

● Douglas	DC-3

● Douglas	DC-4

The	airframes	are	subject	to	different	operability	limits	for	aircraE	speed	found	in	the	Dispersant	

Mission	Planner	[1]	data.	In	addiTonal,	environmental	operability	limits	were	established	during	the	

development	of	the	DST	[2].	The	DST	assesses	the	suitability	of	the	selected	aircraE	in	the	specified	

environmental 	 condiTons 	 for 	 conducTng 	 spraying 	 operaTons 	 against 	 the 	 operability 	 limits 	 as	

follows.	It	should	be	noted	that	the	operability	limits	incorporated	in	the	DST	were	selected	during	

the	DST	development	project	as	the	limits	of	the	numerical	modeling	which	underpins	the	DST.	As	

such,	while	the	DST	cannot	predict	the	extent	of	spray	driE	outside	of	the	inbuilt	operability	limits,	it	

is 	 possible 	 that 	 dispersant 	 spraying 	 operaTons 	 could 	 be 	 safely 	 conducted 	 in 	 such 	 condiTons.	

Similarly,	condiTons	which	meet	the	operability	criteria	are	not	a	guarantee	of	safe	operaTons,	and	

final	assessments	as	to	the	safety	of	any	given	operaTon	should	be	made	by	the	pilots	in	charge.

11.1 ALTITUDE

Table	4	shows	the	operability	limits	on	alTtude	for	each	airframe:

Table	4:	AlTtude	Operability	Limits

Airframe Minimum	AlTtude	(E) Maximum	AlTtude	(E)

Air	Tractor	AT-802A 15 50

Lockheed	C-130A 50 100

Douglas	DC-3 50 100

Douglas	DC-4 50 100
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11.2 AIRCRAFT	APPLICATION	GROUND	SPEED

Table	5	shows	the	operability	limits	on	applicaTon	ground	speed	for	each	airframe:

Table	5:	ApplicaTon	Ground	Speed	Operability	Limits

Airframe Minimum	ApplicaTon	Ground	

Speed	(kn)

Maximum	ApplicaTon	Ground	

Speed	(kn)

Air	Tractor	AT-802A 110 180

Lockheed	C-130A 150 200

Douglas	DC-3 120 130	for	predicTon	of	spray	driE	

extents,	but	operaTon	is	possible	up	

to	160	knots

Douglas	DC-4 120 160

11.3 WIND	SPEED	AND	DIRECTION

The	operability	limits	on	wind	speed	and	direcTon	are	as	follows:

● The	crosswind	component	of	the	wind	must	be	less	than	20	knots.

● The	wind	speed	must	be	less	than	35	knots.

● Spraying	is	not	performed	in	a	tailwind	(defined	as	a	wind	angle	of	greater	than	90	degrees	

relaTve	 to 	 the 	aircraE	heading). 	While 	aircraE	are 	capable 	of 	 spraying 	 in	a 	 tailwind, 	 the	

current	version	of	the	DST	cannot	predict	the	spray	driE	extent	in	tailwind	condiTons.

11.4 SIGNIFICANT	WAVE	HEIGHT

Operable	significant	wave	height	is	less	than	10	feet.

11.5 VISIBILITY

Operable	visibility	distance	is	greater	than	3	statute	miles.
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11.6 DAYLIGHT

CondiTons	are	only	considered	suitable	for	conducTng	spray	operaTons	during	daylight	hours.	

Daylight	hours	are	determined	based	on	sunrise	and	sunset, 	which	are	esTmated	based	on	the	

average	laTtude	and	longitude	posiTon	of	the	spill	region,	the	input	date	and	the	input	UTC	offset.	

In	addiTon	to	wind	component	calculaTons,	the	operability	algorithm	also	esTmates	the	sunrise	and	

sunset	Tme	based	on	the	posiTon	of	the	centre	of	the	oil	spill.	This	predicTon	uses	a	simple	sunrise	

and 	 sunset 	 calculaTon 	 based 	 on 	 the 	 local 	 laTtude, 	 the 	 sun’s 	 declinaTon 	 and 	 the 	 solar 	 Tme	

correcTon.	The	model	accounts	for	the	eccentricity	of	the	earths	orbit	but	not	the	eccentricity	of	the	

earth 	 itself, 	and	assumes	that 	the 	sunrise 	 is 	defined	as	when	the	sun	rises	above	the 	horizon,	

defined	as	greater	than	90	degrees	declinaTon.
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12 ASSUMED	AIRCRAFT	AND	SPRAY	CONFIGURATIONS

The	following	tables	show	the	assumed	configuraTon	data	used	for	each	airframe	within	the	DST.

Table	6:	Air	Tractor	AT-802A	ConfiguraTon	Data	Sheet

Parameter InformaTon

Spray	AlTtude	Minimum 15.0	E

Spray	AlTtude	Maximum 50.0	E

ApplicaTon	Speed	Minimum	(Ground	Speed) 110.0	kn

ApplicaTon	Speed	Maximum	(Ground	Speed) 180.0	kn

Assume	Flap	Angle 0.0°

Assumed	Airframe	Mass 16,000	lbs

Spray	System 10	nozzles	are	evenly	spread	approximately	3	E	

apart,	starTng	at	11E	from	the	wingTp,	below	

the	wing.	

Nozzle	Type BETE	NF70
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Table	7:	Lockheed	C-130A	ConfiguraTon	Data	Sheet

Parameter InformaTon

Spray	AlTtude	Minimum 50.0	E

Spray	AlTtude	Maximum 100.0	E

ApplicaTon	Speed	Minimum	(Ground	Speed) 150.0	kn

ApplicaTon	Speed	Maximum	(Ground	Speed) 200.0	kn

Assume	Flap	Angle 18.0°

Assumed	Airframe	Mass 108,000	lbs

Spray	System The	spray	boom	in	the	model	was	located	

verTcally	in	line	with	the	boUom	of	the	main	

cargo	door,	and	longitudinally	immediately	

behind	the	side	door.	A	total	of	28	nozzles	were	

included,	spray	nozzles	were	equally	spaced	1	E	

apart	on	the	booms.

Nozzle	Type BETE	NF70
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Table	8:	Douglas	DC-3	ConfiguraTon	Data	Sheet

Parameter InformaTon

Spray	AlTtude	Minimum 50.0	E

Spray	AlTtude	Maximum 100.0	E

ApplicaTon	Speed	Minimum	(Ground	Speed) 120.0	kn

ApplicaTon	Speed	Maximum	(Ground	Speed) 130	kn	for	predicTon	of	spray	driE	extents,	but	

operaTon	is	possible	up	to	160	kn

Assume	Flap	Angle 11.3°

Assumed	Airframe	Mass 25,200	lbs

Spray	System Injectors	are	located	immediately	aE	of	the	

trailing	edge	of	the	wing,	23	nozzles	per	wing,	

distributed	across	the	wingspan	from	the	root	of	

the	wing	to	a	maximum	of	86%	of	the	span.

Nozzle	Type BETE	NF70
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Table	9:	Douglas	DC-4	ConfiguraTon	Data	Sheet

Parameter InformaTon

Spray	AlTtude	Maximum 50.0	E

Spray	AlTtude	Minimum 100.0	E

ApplicaTon	Speed	Minimum	(Ground	Speed) 120.0	kn

ApplicaTon	Speed	Maximum	(Ground	Speed) 160.0	kn

Assume	Flap	Angle 10.0°

Assumed	Airframe	Mass 70,000	lbs

Spray	System The	system	has	been	modeled	with	nine	nozzles	

per	wing,	located	approximately	1	foot	above	

the	top	surface	of	the	wing	and	approximately	

located	following	the	trailing	edge	to	a	

maximum	of	60%	of	wingspan.

Nozzle	Type BETE	NF70

Document	Number	-	t2015.j520.008

Issued	as	Revision	1,	October	14th	2016

Doc	Ref:	Atlas:\...\t2015.j520.008.1.odt

amogconsulTng.com

EIN		20-4906471

TX	PE	Firm	F-11821

AC-E253-09v20130508

http://www.amogconsulting.com/


Decision	Support	Tool	User	Manual 34

12.1 PARTICLE	SIZE	DISTRIBUTION

The	DST	has	been	developed	uTlising	spray	droplets	that	are	modeled	with	an	ASAE	Medium	to	

Coarse	parTcle	size 	distribuTon. 	Table	10	 shows	the	CumulaTve	Density 	FuncTon	 (CDF) 	 for 	the	

Medium	to	Coarse	parTcle	sizes:

Table	10:	ASAE	Medium	To	Coarse	CDF

Number ParTcle	Size	(um) CumulaTve	Density	FuncTon	

1 35.01 0.0003

2 40.57 0.0006

3 47.03 0.0016

4 54.50 0.0043

5 63.16 0.0093

6 73.23 0.0156

7 84.85 0.0213

8 98.12 0.0283

9 113.71 0.0406

10 131.73 0.0623

11 152.79 0.0950

12 177.84 0.1330

13 205.84 0.1760

14 238.45 0.2393

15 276.48 0.3263

16 320.60 0.4500

17 372.18 0.5897

18 430.74 0.7244

19 498.91 0.8394

20 578.54 0.9211

21 670.72 0.9564

22 777.39 0.9691

23 900.61 0.9791

24 1044.42 0.9874

25 1210.66 0.9941

26 1403.04 1.0000
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Figure 	18	 below	shows 	a 	plot 	of 	 the 	ASAE	Medium	to 	Coarse 	parTcle 	 size 	Probability 	Density	

FuncTon	(PDF).	

Figure	18	:	ASAE	Medium	to	Coarse	PDF
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NOMENCLATURE

C
D

Drag	coefficient

C
µ

Empirical	constant	in	k-ω	SST	turbulence	model

d	 Nozzle	effecVve	diameter

FD Drag	force

F
p

Pressure	gradient	force	on	a	fluid	droplet

k Turbulent	kineVc	energy

p
staVc

StaVc	pressure

Q Dispersant	flow	rate	(per	minute)

QA Dispersant	flow	rate	(per	acre)

q Dynamic	pressure

Re Reynolds	Number

Re
p

Fluid	droplet	Reynolds	Number

u
*

ABL	fricVon	velocity

U
w

Wind	velocity

U
x

Streamwise	velocity

U
y

Lateral	velocity

V
airspeed

Airspeed

V
groundspeed

Groundspeed

V
p

Droplet	velocity

V
p,inlet

Droplet	velocity	at	the	nozzle

ws Swath	width

x Streamwise	axis

y Lateral	axis

z Height	axis

z
0

Sea	surface	roughness	height

z
a

AircraF	height	above	sea	surface

β' Empirical	constant	in	k-ω	SST	turbulence	model

θ Angle	between	aircraF	track	and	wind	direcVon

κ Von	Karman	Constant

ω Specific	dissipaVon	rate
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1 INTRODUCTION

AMOG	was 	 contracted 	by 	 the 	Bureau 	of 	 Safety 	 and 	Environmental 	 Enforcement 	 (BSEE) 	 under	
Contract 	Number 	E15PC00015 	 to 	develop 	a 	Decision 	 Support 	Tool 	 (DST), 	 to 	assist 	planners 	 to	
idenVfy 	 operaVonal 	 windows 	 and 	 safety 	 setback 	 distances 	 based 	 on 	 forecast 	 meteorological	
condiVons,	spray	driF	paWern,	aircraF	types	and	release	rates.

A	number	of	tools	currently	exist	for	aerial	dispersant	planning	such	as	the	pesVcide	spray	tools	
AGDISP 	 and 	AgDRIFT. 	 These 	 tools 	 have 	 previously 	 been 	 used 	 in 	 oil 	 spill 	 response 	 operaVons,	
however	they	were	not	developed	for	use	in	such	scenarios.	

In	Phase	2	of	the	project	high	fidelity	ComputaVonal	Fluid	Dynamics	(CFD)	models	were	developed	
to	assess	the	suitability	(or	otherwise)	of	the	exisVng	airborne	dispersion	models	for	incorporaVon	
into	the	DST.	In	Phase	3	of	the	project	the	CFD	models	were	used	to	assess	the	results	from	exisVng	
aerial	dispersant	modeling	tools,	and	where	necessary	to	aid	in	the	development	of	the	DST.	This	
document	provides	a	comprehensive	summary	of	the	CFD	modeling	conducted	in	Phases	2	and	3	of	
the	project.

1.1 DOCUMENT	SCOPE

This	Appendix	presents	the	full	methodology	and	results	of	the	CFD	modeling	conducted	in	order	to	
develop	the	DST.	It	accompanies	AMOG	document	r2015.j520.001.A,	the	draF	final	report	for	the	
DST 	 development 	 project. 	 This 	 document 	 is 	 limited 	 to 	 a 	 discussion 	 of 	 the 	 CFD 	 results. 	 The	
implicaVons	thereof	on	the	development	of	the	DST	are	described	in	full	in	the	final	report.

1.2 DOCUMENT	LAYOUT

This	document	is	structured	as	follows:

● SecVon	2	outlines	the	configuraVon	of	each	of	the	aircraF	and	spray	systems	upon	which	the	
CFD	models	were	created;

● SecVon	3	presents	the	implementaVon	of	the	CFD	modeling	acVviVes	including	a	descripVon	
of	the	meshing	strategies	employed,	the	physical 	phenomena	modeled	and	the	boundary	
condiVons	that	were	applied;

● SecVon	4	contains	a	summary	of	verificaVon	and	validaVon	acVviVes	conducted	on	the	CFD	
models;

● SecVons	5	and	6	present	a	full	summary	of	the	results	extracted	from	the	CFD	models;	and

● SecVon	7	contains	the	references	list.
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2 AIRCRAFT	GEOMETRY

This	secVon	describes	the	Computer	Aided	Design	(CAD)	geometries	constructed	for	each	of	the	
aircraF 	 plaUorms 	 under 	 consideraVon, 	 as 	 defined 	 in 	 the 	 Requirements 	 SpecificaVon 	(AMOG	
ConsulVng	Inc.,	2016).	For	each	aircraF,	the	geometry	created	is	detailed,	and	discussion	is	included	
of	any	decisions	made	as	to	the	level	of	detail	required	for	the	CFD	models.	The	geometries	were	
created	using	the	Autodesk	Inventor	CAD	package.

For	all	aircraF	the	level	of	detail	was	selected	based	on	the	objecVves	of	the	CFD	modeling	acVviVes	
(presented	in	detail	in	SecVon	3).	Specifically,	this	included	accurate	representaVon	of	the	wings	and	
tail,	overall	size	and	shape	of	the	fuselage	and	the	omission	of	small	details	such	as	landing	gear,	flap	
hinges,	surface	roughness	and	ancillary	equipment	(e.g.	lights	and	antennae).

Significant	difficulVes	were	encountered	in	securing	engineering	drawings	of	the	airframes,	and	as	
such	model	geometry	has	been	generated	on	the	basis	of	the	most	accurate	sources	of	geometric	
data	available.	Where	simplificaVons	or	assumpVons	have	been	made	which	differ	from	the	sources	
of	geometric	informaVon,	these	are	noted	in	the	relevant	airframe	descripVons	outlined	in	following	
secVons.	The	modeling	methodology	has	been	developed	in	a	modular	fashion	such	that	should	
more	accurate	CAD	models,	drawings	or	operaVonal	parameters	become	available,	these	may	be	
incorporated	into	the	exisVng	models	to	further	improve	the	fidelity	of	the	CFD.

2.1 LOCKHEED	MARTIN	C-130A

Geometric	data	for	the	C-130A	was	primarily	sourced	from	a	manufacturer	report	on	Aerodynamic	
Data	for	Structural	Loads	(Lockheed	AircraF	CorporaVon,	1953).	This	reference	provided	the	airfoil	
secVons, 	angles	of	 incidence, 	wing	taper	and	twist 	profiles. 	The	fuselage	geometry	was	draFed	
based 	on 	publicly 	 available 	 images 	 and 	models 	(TurboSquid, 	 2012)	 of 	 the 	 C-130A. 	 The 	model	
geometry	is 	displayed	in 	Figure	1.	Leading	parVculars	for	the	CAD	geometry	are	compared	with	
published	figures	for	the	C-130A	in 	Table	1.	This	comparison	was	made	in	the	absence	of	legible	
overall	dimensions	in	the	Lockheed	report.	All	major	dimensions	are	accurate	to	within	5%,	with	the	
excepVon	of 	 the 	overall 	height, 	 for 	which	 the 	reference	value 	 is 	uncertain	due	 to 	 the 	possible	
inclusion	of	the	landing	gear.	In	parVcular,	the	span	of	each	aerodynamic	surface	is	within	1.5%	of	
the	reference	value.
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Figure	1	:	C-130A	model	geometry

Table	1:	C-130A	Airframe	ParVculars

Dimension Actual	C-130A CAD	Geometry %	Difference

Wing	Span	(F) 132.5 131.9 -0.5

Horizontal	Tail	Span	(F) 52.8 52.2 -1.2

VerVcal	Tail	Span	(F) 23.3 23.0 -1.4

Overall	Length	(F) 96.12 99.7 3.8

Height	(F) 39.02,	3	 35.44 -9.2

Notes:	
1. All	data	sourced	from	Lockheed	unless	noted	otherwise.
2. Ref:	(US	Air	Force,	2003).
3. The	quoted	height	is	assumed	to		include	landing	gear.
4. Height	measured	from	lowest	point	on	fuselage	to	top	of	tail	(does	not	include	landing	gear).

While	engineering	drawings	of	the	C-130A	(including	main	wing	flap	details)	were	idenVfied	as	being	
available	from	the	Smithsonian	InsVtuVon	and	a	request	for	this	data	submiWed,	delivery	of	the	data	
was	delayed	beyond	the	Vmeline	required	to	incorporate	it	into	the	models	and	simulaVons	for	the	
C-130A	based	on	available	data	was	complete.	As	such,	in	the	absence	of	detailed	main	wing	flap	
geometry,	the	wing	flaps	were	represented	in	a	simplified	form.
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Inclusion 	 of 	 the 	main 	 wing 	 flaps 	 was 	 considered 	 necessary 	 to 	 represent 	 the 	 typical 	 C-130A	
configuraVon	during	spray	operaVons.	As	limited	geometry	detail	was	available,	a	sub-model	of	a	C-
130A	wing	was	constructed	including	an	esVmated	flap	geometry	based	on	publicly	available	data	
(Paulson	1976)	 to	invesVgate	the	effect	on	the	local 	wake	and	Vp	vortex	formaVon.	Preliminary	
invesVgaVons	based	on	this	sub-model	indicated	that	including	the	slot	between	the	fowler	flap	and	
the	main	wing	is	likely	to	reduce	the	strength	of	the	flap	Vp	vortex	and	affect	the	downwash	over	
the	span	of	the	flap.	

The	interacVon	between	the	flap	Vp	vortex	and	downwash	is	complex	and	in	order	to	quanVfy	the	
effect	on	spray	driF	extent	further	accurate	modeling	of	the	flap	detail	would	be	required.	Owing	to	
the	need	to	resolve	the	flow	in	the	gap	between	the	main	wing	and	the	flap,	detailed	modeling	is	
expected	to	lead	to	a	significant	increase	in	CFD	mesh	cell	count	and	a	corresponding	increase	in	the	
size	and	complexity	of	the	CFD	model.	

Figure	2	:	Cross	secVon	of	main	wing	inboard	showing	simplified	flap	geometry

Figure	3	:	Cross	secVon	of	main	wing	inboard	showing	esVmated	fowler	flap	geometry

Photographs	of	the	C-130A,	such	as	that	shown	in	Figure 	4,	were	used	to	confirm	that	no	fences,	
vortex	generators	or	other	flow	management	devices	are	present	on	the	wings	of	the	aircraF	used	
for 	dispersant	spraying. 	The	addiVonal 	pylon	mounted	 fuel 	 tanks	as 	seen	 in 	Figure 	4	 were 	not	
modeled,	as	no	drawings	of	these	components	were	available.	It	was	assumed	that	the	pylons	and	
tanks	are	designed	to	present	minimum	drag,	and	therefore	that	they	have	minimal	influence	on	the	
flow	closer	to	the	fuselage	where	the	dispersant	is	released.	

In	the	absence	of	detailed	drawings	the	fairing	of	the	verVcal	stabilizer	into	the	fuselage	has	been	
simplified,	as	shown	in	Figure	5.	Given	that	this	fairing	is	located	on	the	upper	surface	of	the	aircraF	
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and 	 away 	 from 	 any 	 interacVon 	 with 	 the 	 dispersant 	 spray, 	 this 	 simplificaVon 	 is 	 considered	
appropriate 	 and 	unlikely 	 to 	 result 	 in 	 any 	 discrepancy 	 between 	 the 	modeled 	and 	 actual 	 spray	
behaviors.

Figure	4	:	Image	of	C-130A	((Lawrence,	n.d.)
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Figure	5	:	Comparison	of	modeled	and	actual	C-130A	verVcal	stabilizers

2.1.1 OperaSonal	ConfiguraSon	

Based	on	images	of	the	C-130A	plaUorm	during	spraying	operaVons	(as	shown	in	Figure	6)	it	is	clear	
that	the	main	wing	flaps	are	deployed,	and	that	significant	flap	angle	is	used.	In	the	absence	of	
operaVonal	informaVon	from	spray	dispersant	operators	as	to	the	flap	angle	during	spraying,	an	
angle	of	18	o	(half	of	the	maximum	flap	angle	on	the	C-130A		(Lockheed	AircraF	CorporaVon,	1953)	
has	been	used.	This	is	considered	to	be	comparable	to	the	angle	shown	in	Figure	6	and	is	sufficient	
to	generate	the	required	liF	to	maintain	level	flight.

Further	detail	on	the	methodology	for	determining	the	required	angle	of	aWack	to	sustain	level	flight	
during 	 the 	cases 	modeled 	 is 	presented 	 in 	SecVon 	3.3.4. 	The 	validaVon 	of 	 this 	methodology 	 is	
presented	in	SecVon	4.3.
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Figure	6	:	Image	of	C-130A	during	dispersant	spraying	operaVons	(InternaVonal	Air	Response,	
2015a)

2.1.2 Propeller	RepresentaSon

The	C-130A	has	been	modeled	with	a	Hamilton	Standard	4-bladed	propeller,	type	54H60	as	typically	
used	on	the	C-130A	(Hamilton	Sundstrand,	2011).	The	54H60	propeller	is	a	fully	feathering	propeller	
modeled	with	a	diameter	of	13.5	F	which	is	configured	to	rotate	at	a	constant	rate	of	1020	RPM.

AMOG	 secured 	a 	non-disclosure 	 agreement 	with 	Coordinated 	Universal 	 Time 	 (UTC) 	Aerospace	
Systems, 	who 	hold 	performance	data 	 for 	 this 	propeller, 	 and 	uVlized 	 the 	provided 	performance	
curves	to	perform	representaVve	modeling	of	the	54H60	within	the	CFD	model	in	accordance	with	
methodology	presented	in	SecVon	3.3.5.

2.1.3 Spray	System	Geometry

The	spray	system	geometry	has	been	esVmated	based	on	imagery	of	the	C-130A	during	dispersant	
spray 	operaVons, 	examples 	of 	which 	are 	shown	 in 	Figure 	5. 	Dimensions 	were 	scaled	 from	the	
available	images	based	on	known	dimensions	of	the	aircraF.	In	the	CFD	model,	28	spray	nozzles	
were	equally	spaced	1	F	apart,	as	shown	in	Figure 	6.	The	spray	boom	in	the	model	was	located	
verVcally	in	line	with	the	boWom	of	the	main	cargo	door,	and	longitudinally	immediately	behind	the	
side	door.
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Figure	7	:	C-130A	spray	boom	arrangement	(MSRC,	2016)
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Figure	8	:	Modeled	C-130A	spray	boom	arrangement
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2.2 DOUGLAS	DC-3

Technical	data	for	the	DC-3	was	primarily	sourced	from	MaircraF	(2016).	The	obtained	informaVon	
has 	been 	supplemented, 	 and 	validated, 	by 	 the 	descripVon 	provided 	 in 	 a 	 general 	arrangement	
document 	(Quebecair	Inc.	RegulaVons,	1957a).	Together	these	two	references	provided	the	airfoil	
secVons,	angles	of	incidence,	wing	taper	and	twist	profiles,	as	well	as	the	fuselage	staVons.	The	split	
trailing	edge	flap	was	modeled	as	shown	by	MaircraF.	The	DC-3	model	geometry	is	shown	in	Figure	
9.	

Leading	parVculars	for	the	CAD	geometry	are	compared	with	published	figures	for	the	DC-3	in	Table	
2.	All	major	dimensions	are	accurate	to	within	3%.

Figure	9	:	Douglas	DC-3	model	geometry

Table	2:	DC-3	Airframe	ParVculars

Dimension Actual	DC-3 CAD	Geometry %	Difference

Wing	Span	(F) 95 96.4 1.4

Overall	Length	(F) 64.5 64.5 -0.1

Height	(F) 16.9 17.4 2.6

Notes:	
1. All	actual	DC-3	dimensions	sourced	from	Airborne	Support	Inc.	(2016)
2. Dimension	percentage	difference	considers	length	differences	less	than	the	resoluVon	of	significant	figures	of	dimensions	

presented	above.
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2.2.1 OperaSonal	ConfiguraSon	

As	described	above,	the	DC-3	main	wing	flaps	are	of	a	split 	trailing	edge	type	and	the	full 	flap	
deployment	angle	is	45o	 (Quebecair	Inc.	RegulaVons,	1957b,	p.	61).	A	training	reference	for	DC-3	
pilots	(DC3Training.com,	2012)	indicates	flap	extension	seXngs	of	¼,	½,	¾	and	full	are	available.	A	
flap	seXng	of	¼	has	been	selected	for	modeling	as	this	seXng	corresponds	to	the	only	'do-not-
exceed'	speed	(135	kn)	that	is	greater	than	the	applicaVon	speed	of	130	kn.	It	is	recognized	that	the	
true	airspeed	for	some	of	the	cases	modeled	is	beyond	the	allowable	flap	deployment	speeds	as	
indicated	in	the	flight	manual,	however	these	models	conservaVvely	maintain	the	¼	flap	deflecVon	
as	this	configuraVon	exhibited	the	greatest	impact	on	spray	driF	extents.

The	aircraF	angle	of	aWack	was	established	on	the	basis	of	balancing	the	weight	of	the	aircraF	with	
the	liF	produced	in	order	to	simulate	steady	level	flight	condiVons.

Further	detail	on	the	methodology	for	determining	the	required	angle	of	aWack	to	sustain	level	flight	
during 	 the 	cases 	modeled 	 is 	presented 	 in 	SecVon 	3.3.4. 	The 	validaVon 	of 	 this 	methodology 	 is	
presented	in	SecVon	4.3.

2.2.2 Propeller	RepresentaSon

The	DC-3	has 	been	modeled	with 	3	 bladed	variable	pitch 	Hamilton	Standard	propellers, 	model	
23E50	hub	with	blade	model	6477	having	a	diameter	of	11.6	F,	configured	to	rotate	at	a	constant	
rate	of	1200	RPM	(Delta	Flight	Museum,	2016).

In 	 the 	absence	of 	detailed 	performance	curves, 	 the 	DC-3 	model 	 includes 	propeller 	momentum	
based	on	representaVve	propeller	performance	data.	This	was	implemented	in	the	CFD	model	over	
the	propeller	diameter	by	means	of	a	virtual	disk	model. 	Further	detail	on	the	methodology	for	
modeling	the	effect	of	added	propeller	momentum	to	the	aircraF	wake	is	discussed	in	SecVon	3.3.5.

2.2.3 Spray	System	Geometry

The	spray	boom	of	the	DC-3	has	been	modeled	from	available	images	released	by	Airborne	Support,	
an	organizaVon	known	to	provide	support	to	oil	dispersant	operaVons.
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Figure	10	:	DC-3	spray	boom	arrangement	(Airborne	Support	Inc.,	2016)

From	Figure	8	it	can	be	seen	that	on	this	aircraF	the	nozzles	are	not	equally	distributed	along	the	
wing.	AddiVonally,	it	appears	that	the	nozzles	are	located	immediately	aF	of	the	trailing	edge	of	the	
wing,	ejecVng	dispersant	inline	with	the	free-stream	flow	direcVon.

Due	to	the	limited	availability	of	DC-3	spray	system	geometry, 	the	span-wise	distribuVon	of	the	
injectors	for	the	DC-3	has	been	esVmated	from	a	Basler	BT-67	in	operaVon	as	shown	in	Figure	11.	
The	BT-67	is	a	modified	DC-3	with	a	lengthened	fuselage	and	altered	wingVps.	Given	that	the	secVon	
of 	 the 	wings 	 to 	which 	 the 	 spray 	system	connects 	are 	 idenVcal 	 for 	 the 	DC-3 	and	BT-67, 	 it 	was	
assumed	that	the	spray	systems	used	are	the	same.	

The	spray	system	arrangement	modeled	in	the	CFD	consisted	of	23	nozzles	per	wing,	distributed	
across	the	wingspan	to	a	maximum	span-wise	extent	as	esVmated	from	Figure 	11.	The	modeled	
injector	locaVons	for	the	DC-3	can	be	seen	in	Figure	12.
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Figure	11	:	BT-67	spray	boom	arrangement	with	gridlines	and	injector	markers	included
(Airborne	Support	Inc.,	2016)

Figure	12	:	Modeled	DC-3	spray	boom	arrangement
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2.3 DOUGLAS	DC-4

In	the	absence	of	detailed	aircraF	technical	drawings	of	the	DC-4	in	the	public	domain,	a	set	of	scale	
plans	were	obtained	for	the	DC-4 	(C	Smith	Plans,	2016),	based	on	the	original	aircraF	technical	
drawings.	These	scale	plans	are	sold	primarily	for	the	purpose	of	building	replica	scale	models.	The	
modeled	geometry	of	the	DC-4	fuselage	and	tail	secVon	was	draFed	on	the	basis	of	these	scale	plan	
drawings.	

The	wing 	geometry	was 	constructed	 from	NACA	secVons 	as 	specified	 in	publicly 	available	data	
sources 	(“Airfoils, 	Webpage,” 	 2016)	 at 	dihedral 	and 	washout 	 angles 	 as 	 indicated 	 in 	 the 	model	
drawings	(C	Smith	Plans,	2016).		The	model	geometry	is	displayed	in	Figure	13.	Leading	parVculars	
for	the	CAD	geometry	are	compared	with	published	figures	for	the	DC-4	in	Table	3.

The	length	and	span	of	the	modeled	DC-4	are	accurate	to	within	1	%.	The	apparent	discrepancy	in	
overall 	 height 	 is 	 assumed 	 to 	 be 	 due 	 to 	 the 	 inclusion 	 of 	 the 	 landing 	 gear 	 in 	 the 	 reference	
measurement.	

Figure	13	:	Douglas	DC-4	model	geometry
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Table	3:	DC-4	Airframe	ParVculars

Dimension Actual	DC-4 CAD	Geometry %	Difference

Wing	Span	(F) 117.51 116.5 -0.8

Overall	Length	(F) 93.82 93.7 -0.1

Height	(F) 27.53,4 23.55 -14.5

Notes:	
1. Dimension	from	various	sources		(“Take	Flight	Video	ProducVons	-	The	Makers	of	the	Real	Life	Aviator	Video	Series!,”	2016),	

(“Douglas	DC-4	|	Airliners.net,”	2016),	(“The	Douglas	DC-4,	DC-6,	&	DC-7,”	2016)
2. (“Douglas	DC-4	|	Airliners.net,”	2016)
3. (“Douglas	DC-4	commercial	aircraF.	Pictures,	specificaVons,	reviews.,”	2016),	(“Douglas	DC-4	(C-54)	-	SpecificaVons	-	Technical	

Data	/	DescripVon,”	2016)
4. The	quoted	height	is	assumed	to		include	landing	gear
5. Height	measured	from	lowest	point	on	fuselage	to	top	of	tail	(does	not	include	landing	gear)

2.3.1 OperaSonal	ConfiguraSon	

Given	the	cruise	speed	of	the	DC-4	is	approximately	197	kn	(“Douglas	DC-4	|	Airliners.net,”	2016)	
and	the	applicaVon	speed	is	150	kn 	(Genwest	Systems,	2008),	the	DC-4	was	assumed	to	require	
some	flap	deflecVon	to	achieve	steady	level	flight	whilst	maintaining	a	reasonable	angle	of	aWack	for	
cases	at	the	lower	end	of	the	applicaVon	speed	envelope.	This 	assumpVon	is	reinforced	by	the	
operaVonal	spray	photo	sourced	from	the	Dispersant	Mission	Planner	2	(DMP2)	program	(Genwest	
Systems,	2008),	shown	in	Figure	14.	

As	operator	data	on	typical	flap	deflecVon	seXngs	during	spray	operaVons	was	unavailable	at	the	
Vme	of	modeling,	the	trailing	edge	flap	deployment	was	esVmated	on	the	basis	on	informaVon	from	
a	DC-4	Flight	manual	(“The	Vietnam	Center	and	Archive:	Virtual	Vietnam	Archive,”	n.d.).	The	flight	
manual	states	the	maximum	flap	extension	of	approximately	40°	in	the	full	down	posiVon	(pg.	1-47)	
and	indicates	for	a	base	leg	of	a	landing	approach	with	a	speed	of	120	kn	that	flap	deployment	of	
10°	is	recommended	(pp.	2-19).	

The	required	aircraF	angle	of	aWack	was	established	on	the	basis	of	balancing	the	weight	of	the	
aircraF	with	the	liF	produced	in	order	to	simulate	steady	level	flight	condiVons.	Further	detail	on	
the	methodology	for	determining	the	required	angle	of	aWack	to	sustain	level	flight	during	the	cases	
modeled	is	presented	in	SecVon 	3.3.4.	The	validaVon	of	this	methodology	is	presented	in	SecVon	
4.3.
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Figure	14	:	DC-4	spray,	operaVonal	configuraVon

2.3.2 Propeller	RepresentaSon

In	the	absence	of	verifiable	data	the	DC-4	has	been	modeled	with	3	bladed	variable	pitch	Hamilton	
Standard	propellers,	hub	model	23E50,	with	an	assumed	blade	diameter	of	11.6	F,	configured	to	
rotate	at	a	constant	rate	of	1450	RPM.

In	the	absence	of	detailed	performance	curves,	the	DC-4	model	includes	propeller	thrust	based	on	
representaVve 	propeller 	performance 	data. 	This 	was 	 implemented 	 in 	 the 	CFD 	model 	over 	 the	
propeller 	 diameter 	 by 	means 	 of 	 a 	 virtual 	 disk 	model. 	Further 	 detail 	 on 	 the 	methodology 	 for	
modeling	the	effect	of	added	propeller	momentum	to	the	aircraF	wake	is	discussed	in	SecVon	3.3.5.

2.3.3 Spray	System	Geometry

The	spray	system	for	the	DC-4	geometry	has	been	esVmated	based	on	imagery	of	a	Florida	Air	
Transport	aircraF,	known	to	have	been	uVlized	for	spray	dispersant	operaVons.	The	system	has	been	
modeled	with	nine	injectors	per	wing,	with	posiVons	of	the	injector	in	the	CFD	approximated	from	
available 	 images 	 such 	as 	 those 	 shown 	 in 	Figures 	14	 and 	15	 using 	known	dimensions 	 (such 	as	
wingspan)	 for	scale. 	The	 injectors 	appear	to	be	 located	above	the	top	surface	of 	the	wing	and	
approximately	located	following	the	trailing	edge.	The	modeled	injector	locaVons	for	the	DC-4	can	
be	seen	in	Figure	17.
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Figure	15	:	DC-4	spray	boom	arrangement	(Florida	Air	Transport,	2016)

Figure	16	:	DC-4	spray	boom	arrangement	(Florida	Air	Transport,	2016)

Figure	17	:	Modeled	DC-4	spray	boom	arrangement
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2.4 AIR	TRACTOR	AT-802A

Technical 	drawings	and	addiVonal 	 informaVon	on	the	AT-802A	geometry	were 	obtained	directly	
from	Air	Tractor.	A	CAD	model	of	the	AT-802A	provided	by	Envenio	Inc.	was	compared	with	the	data	
provided	from	Air-Tractor.	The	Envenio	Inc.	CAD	model	has	previously	been	used	to	construct	a	CFD	
model	of	the	AT-802A	during	spraying	operaVons,	as	described	by	Ryan	et	al. 	(2013)	 .	However	it	
was	found	to	include	a	number	of	simplificaVons	and	was	considered	to	be	of	a	lower	fidelity	than	
required 	 for 	 the 	purposes 	of 	 this 	project. 	The 	representaVon 	of 	 the 	wingVps 	 in 	parVcular 	was	
expected	to	affect	the	aircraF	wake,	and	the	Envenio	model	wingVps	were	constructed	as	a	blunt	
edge. 	 Publicly 	 available 	 informaVon 	 indicates 	 that 	 the 	AT-802A 	 includes 	Hoerner 	wingVps 	(Air	
Tractor	Inc.,	n.d.),	 and	this	was	confirmed	by	communicaVons	with	Air	Tractor.	As	the	CFD	model	
was	intended	to	idenVfy	the	presence	of	phenomena	related	to	the	Vp	vorVces	and	their	interacVon	
with	the	aircraF	wake,	the	blunt	edge	simplificaVon	of	the	wingVps	was	considered	a	potenVal	
source	of	inaccuracy.	Such	wingVp	features	have	been	demonstrated	to	have	an	effect	on	the	total	
liF	produced,	and	in	parVcular	affect	the	spanwise	locaVon	of	the	wingVp	vorVces	(Hoerner,	1952).	

The	data	provided	by	Air	Tractor	enabled	a	higher	fidelity	CAD	representaVon	of	the	AT-802A	to	be	
produced.	The	Hoerner	wingVps	and	fuselage	have	been	modeled	based	on	the	provided	drawings.	
Leading	parVculars	for	the	CAD	geometry	are	compared	with	published	figures	for	the	AT-802A	in	
Table	4.	All	major	dimensions	are	accurate	to	within	2%.	

The	produced	CAD	geometry	is	shown	in	Figure	18.	For	comparison,	a	photograph	of	the	AT-802A	is	
provided	in	Figure	19.

Table	4:	AT-802A	Airframe	ParVculars

Dimension Actual	AT-802A CAD	Geometry %	Difference

Wing	Span	(F) 59.21 59.3 0.2

Overall	Length	(F) 36.51 36.4 -0.3

Height	(F) 10.61 10.4 -1.9

Notes:	
1. (Air	Tractor	Inc.,	2016)

Document	Number	-	t2015.j520.009
Issued	as	Revision	0,	September	30th	2016
Doc	Ref:	Atlas:\...\t2015.j520.009.0.odt
amogconsulVng.com
EIN		20-4906471
TX	PE	Firm	F-11821

AI-E253-09v20130508

http://www.amogconsulting.com/


CFD	Methodology	and	Full	CFD	Results 21

Figure	18	:	AT-802A	model	geometry

Figure	19	:	Image	of	AT-802A	(Air	Tractor	Inc.,	n.d.)

2.4.1 OperaSonal	ConfiguraSon	

Air 	 Tractor 	have 	 indicated 	 that 	 at 	 typical 	 spray 	 speeds 	 for 	 the 	AT-802A, 	flap 	deflecVon 	 is 	 not	
required.	The	aircraF	angle	of	aWack	was	established	on	the	basis	of	balancing	the	weight	of	the	
aircraF	with	the	liF	produced	in	order	to	simulate	steady	level	flight	condiVons.	Further	detail	on	
the	methodology	for	determining	the	required	angle	of	aWack	to	sustain	level	flight	during	the	cases	
modeled	is	presented	in	SecVon 	3.3.4.	The	validaVon	of	this	methodology	is	presented	in	SecVon	
4.3.

2.4.2 Propeller	RepresentaSon

The 	AT-802A	was 	modeled 	with 	 a 	Hartzell 	 5-bladed 	propeller 	 (model 	HC-B5MA-5H/M11691 	as	
advised	by	Air	Tractor)	with	a	diameter	of	9.9	feet 	(Hartzell	Propeller	Inc.,	2014a)	 powered	by	a	
1650HP	Honeywell	engine	(model	TPE331-14GR),	configured	for	a	constant	shaF	output	of	1552	
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RPM	(Hartzell	Propeller	Inc.,	2014b). 	Propeller	geometry	and	characterisVc	curves	detailing	thrust,	
torque 	and 	power 	coefficients 	were 	provided 	by 	Hartzell 	Propeller 	 Inc. 	under 	a 	non-disclosure	
agreement 	 and 	 are 	 implemented 	 into 	 the 	 CFD 	model. 	 Further 	 detail 	 on 	 the 	methodology 	 for	
modeling	the	effect	of	added	propeller	momentum	to	the	aircraF	wake	is	discussed	in	SecVon	3.3.5.

2.4.3 Spray	System	Geometry

The	spray	system	geometry	of	the	AT-802A	was	based	on	the	operaVonal	configuraVon	for	oil	spill	
operaVons	in	publicly	available	images	(as	shown	in	Figure	20).

Figure	20	:	AT-802A	during	coastal	dispersing	operaVon	
(Australian	MariVme	Safety	Authority,	2000)

The	10	injectors	were	modeled	as	evenly	spread	approximately	3	feet	apart,	starVng	at	11	feet	from	
the	wingVp	(as	shown	in	Figure	21).	

Figure	21	:	Modeled	AT-802A	spray	boom	arrangement
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3 CFD	IMPLEMENTATION

The	purpose	of	the	CFD	modeling	acVviVes	was	to	invesVgate	the	near-field	behavior	of	the	spray	
dispersant,	and	to	determine	whether	any	phenomena	exist	which	significantly	affect	the	eventual	
driF	of	the	dispersant,	which	are	not	accounted	for	in	the	currently	available	models	(i.e.	AgDRIFT	
and	AGDISP).	Such	phenomena	include	the	previously	idenVfied	interacVon	between	the	wake	of	
the	fuselage	(which	is	not	modeled	by	AGDISP	or	AgDRIFT)	and	the	Vp	vorVces,	and	the	resulVng	
effect	on	the	entrainment	of	the	dispersant	within	the	Vp	vortex	(Ryan	et	al.,	2013).

The	CFD	models	were	intended	to	provide	an	understanding	of	the	effect	of	the	typical	range	of	
operaVonal	parameters	that	may	be	used	in	the	course	of	spraying	on	any	relevant	phenomena	
affecVng 	 the 	 dispersant. 	 The 	 focus 	was 	on 	modeling 	 the 	near-field 	flow	 that 	may 	 impact 	 the	
trajectory	of	the	dispersant	as	it	is	sprayed	from	the	aircraF,	and	subsequently	travels	to	the	sea	
surface.	The	following	objecVves	were	idenVfied	for	the	CFD	models:

● Resolve 	 the 	aerodynamic 	flow	features 	around	the 	aircraF	 likely 	 to 	 impact 	on	 the 	spray	
release	trajectory.	In	parVcular,	the	overall	liF	generaVon,	strength	and	locaVon	of	vorVcal	
structures	and	large-scale	wake/blockage	effects	should	be	resolved.

● Represent	the	aircraF	geometry	to	a	level	of	detail	commensurate	with	the	first	objecVve,	
removing	any	geometric	detail	which	will	not	have	a	significant	effect	on	the	aerodynamics	
affecVng	the	spray	release.

● Implement	a	representaVve	model 	of	the	propellers	 in 	order	to	resolve	the	effect	of 	the	
propeller	wash	on	the	spray	release.

● Model	the	trajectory	of	the	spray	droplets,	accounVng	for	aerodynamic	forces	on	the	parVcles	
and,	in	parVcular,	turbulent	dispersion.

● Demonstrate	that	the	results	obtained	are	grid	independent	and	unaffected	by	blockage	of	
the	fluid	domain.

3.1 OVERVIEW	OF	THE	MODELING	APPROACH

The	CFD	model	of	each	aircraF	was	developed	within	a	structured	framework	which	allows	aircraF	
and	aircraF	operaVng	condiVons	to	be	changed	in	an	automated	fashion.	ConstrucVng	the	CFD	
models 	 in 	this 	way	 is 	beneficial 	as 	 it 	creates 	models 	of 	a 	consistent	quality 	 in 	a 	Vme	effecVve	
manner.	The	modeling	approach	consisted	of	the	following	stages:

Stage	1	–	Data	gathering:	Geometric	and	operaVonal	parVculars	for	each	aircraF	were	gathered	and	
processed	into	inputs	for	the	CFD	models.

Stage	2	–	Sub-model	development:	The	effects	of	various	model	details	were	explored	using	sub-
models	in	order	to	determine	which	details	were	criVcal	to	modeling	the	spray	release	from	the	
aircraF.	The	sub-model	development	also	allowed	small	scale	tesVng	of	the	accuracy	and	stability	of	
different	physics	models	such	as	those	used	for	the	spray	dispersant	and	propellers.
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Stage	3	–	Mesh	generaSon	and	refinement:	A	mesh	refinement	scheme	was	developed	to	capture	
wingVp	vortex	formaVon,	spray	dispersion	and	wake	interacVons.	The	mesh	refinement	was	created	
in	a	parameterized	form	so	as	to	be	consistently	transferable	to	the	different	airframes.

Stage	4	–	Base	model	development: 	Once	the	CFD	implementaVon	of	each	sub	model	had	been	
tested	a	single	base	model	was	created	which	contained	all	of	the	required	physics	and	meshing	
parameters.

Stage	5	–	AutomaSon:	The	mesh	generaVon	and	case-list	implementaVon	was	automated	so	that	
the	selecVon	of	different	aircraF,	environmental	condiVons	and	aircraF	operaVng	condiVons	can	be	
made	parametrically.

As	a	result	of	this	structured	development	methodology	the	mesh	structure	and	physics	models	are	
consistent	across	all 	 the	modeled	cases. 	The	 following 	secVons	describe	the	details 	of 	 the	CFD	
implementaVon	using	the	C-130A	model	for	illustraVon.

3.2 MESH	GEOMETRY

In	order	to	capture	an	appropriate	level	of	detail	in	the	flow,	a	suitable	mesh	was	developed	with	
key 	 refinement 	 areas 	 common 	 to 	 each 	 aircraF 	 including 	 inner 	 domain 	 (the 	 area 	 immediately	
surrounding 	 the 	 aircraF), 	 wake, 	 wing 	 and 	 propeller 	 refinements. 	The 	 mesh 	 definiVon 	 was	
parametrized	such	that	the	aircraF	geometry	could	be	made	a	modular	input	to	the	model	whilst	
keeping	the	defined	refinement	raVos	and	mesh	discreVzaVon	consistent	and	valid	across	each	of	
the	airframe	models.	The	refinement	zones	used	for	the	C-130A	model	are	shown	in	Figure	22.

Figure	22	:	Parametrically	defined	mesh	refinements	zones
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3.2.1 Domain	Size/ResoluSon

The	size	of	the	computaVonal	domain	was	designed	to	be	a	funcVon	of	the	aircraF	geometry.	In	this	
way, 	mulVplicaVve	 factors 	were 	used	 to 	determine 	 the 	overall 	dimensions 	 (Table 	5). 	The 	 inner	
domain	length	listed	in	Table	5	is	the	length	of	the	secVon	of	the	domain	aligned	with	the	heading	of	
the 	aircraF 	 containing 	 regular 	polyhedral 	 cells; 	 the 	extrusion 	 length 	 is 	 the 	 length 	made 	up 	of	
extruded 	 prism 	 cells 	 extending 	 much 	 farther 	 downstream 	 to 	 capture 	 the 	 sprayed 	 parVcle	
trajectories.	

The 	domain 	height 	and 	width 	were 	set 	 to 	ensure 	any 	blockage 	effects 	were 	avoided 	and	 that	
enforcement	of	the	boundary	condiVons	did	not	affect	the	flow	in	the	vicinity	of	the	aircraF. 	The	
extrusion	length	was	held	constant	for	all	airframes	at	a	distance	sufficient	to	fully	capture	the	near	
field	wake	while	minimizing	the	effect	of	the	pressure	outlet	boundary	condiVon	on	the	trajectory	of	
the	parVcles	for	all	cases.

Post-processing	of	CFD	results	confirmed	that	significant	wake	features	were	not	being	affected	by	
insufficient	domain	size	and	that	the	enforced	boundary	condiVons	were	not	constraining	the	flow	
unreasonably.

Table	5:	Outer	Domain	Size	CharacterizaVon	

Dimension Factor Variable

Domain	Height 4 AircraF	Length

Domain	Width 8 Main	Wing	Span

Inner	Domain	Length 2 AircraF	Length

Extrusion	Length Constant Constant	8200	F	for	ParVcle	
SeWlement	on	Sea	Surface	for	

each	aircraF

3.2.2 InflaSon	Layer/Y+	Study

The	non-dimensional	wall	distance	(y+)	on	the	aircraF	surfaces	is	shown	in	Figure	23.	Modeling	to	
ensure	a	y+	value	of	less	than	150	is	in	accordance	with	best	pracVce	when	modeling	the	boundary	
layer 	 by 	 means 	 of 	 a 	 wall 	 funcVon. 	 Direct 	 resoluVon 	 of 	 the 	 boundary 	 layer 	 was 	 considered	
impracVcal	for	the	high	Reynolds	Number	flow	around	the	aircraF.	However,	it	should	be	noted	that	
the	“all	Y+”	implementaVon	of	the	k-ω	SST	model	within	Star	CCM+	has	been	used,	and	that	any	
cells	with	sufficiently	low	y+	values	will	resolve	the	boundary	layer	flow	directly.
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Figure	23	:	Contour	of	non-dimensional	wall	distance	(y+)	

3.2.3 Propeller	Refinement

To	determine	the	mesh	resoluVon	required	to	adequately	capture	the	propeller	wash	effects, 	a	
mesh	resoluVon	study	was	conducted	on	a	sub-model	of	the	propeller.	The	sub-model	contained	a	
propeller	modeled	using	the	virtual 	disk	methodology	as 	applied	 in	the	global 	CFD	model. 	The	
required 	 refinement 	 seXngs 	were 	 then 	 applied 	 to 	 the 	 global 	model. 	 The 	 resulVng 	 propeller	
refinement	areas	can	be	seen	in	Figure	24.

Document	Number	-	t2015.j520.009
Issued	as	Revision	0,	September	30th	2016
Doc	Ref:	Atlas:\...\t2015.j520.009.0.odt
amogconsulVng.com
EIN		20-4906471
TX	PE	Firm	F-11821

AI-E253-09v20130508

http://www.amogconsulting.com/


CFD	Methodology	and	Full	CFD	Results 27

Figure	24	:	Propeller	wake	refinement	region	(port	wing	visible)

3.2.4 Wing	Refinement

Each	wing	refinement	region	was	modeled	as	a	box	encompassing	the	outer	dimensions	of	the	wing.	
Wing	refinement	boxes	were 	created	 for 	 the 	main 	wing, 	horizontal 	 tail 	and	verVcal 	 tail. 	Again,	
factors	were	used	against	known	aircraF	dimensions	to	determine	the	refinement	size.	These	factors	
are	listed	in	Table	6.

Table	6:	Wing	Refinement	Size	CharacterizaVon

Dimension Refinement	 Factor Variable

Height

Main	Wing 1.1 VerVcal	height	from	lower	
surface	of	wing	at	the	root	to	

upper	surface	at	the	Vp

Tail	-	Horizontal 1.2 Horizontal	tail	thickness

Tail		-	VerVcal 1.2 VerVcal	tail	thickness

Length

Main	Wing 1.25 Wing	chord

Tail	-	Horizontal 0.5 Horizontal	tail	chord

Tail		-	VerVcal 0.5 VerVcal	tail	chord

Width

Main	Wing 1.1 Wing	span

Tail	-	Horizontal 1.2 Horizontal	tail	span

Tail		-	VerVcal 1.2 VerVcal	tail	thickness
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3.2.5 Wake	Refinement

The	wake	refinement 	 region	was	defined	as 	an	oval 	with	an 	angled	extrusion. 	The	dimensions	
assume	the	wake	of	the	aircraF	to	be	dependent	on	the	aircraF	length	and	wing	span,	and	this	was	
confirmed	by	verifying	that	the	wake	was	captured	within	the	refined	region.

Table	7:	Wake	Refinement	Size	CharacterizaVon

Dimension Factor Variable

Minor	Axis 0.8 AircraF	Length

Major	Axis 1.1 Main	Wing	Span

The	wake	refinement	region	began	at	the	main	wing	root	chord	centre,	ensuring	the	wingVp	vorVces	
were 	 captured. 	AddiVonally, 	 this 	 refinement 	ensured 	 that 	 turbulence 	could 	be 	 resolved 	at 	 the	
locaVon	of	the	injectors.	The	wake	region	refinement	zones	(inner	and	outer)	can	be	seen	in	Figure	
25.

Figure	25	:	Side	View	of	the	Three-Dimensional	Mesh
Showing	wake	zones	and	extruded	downstream	region

3.2.6 Mesh	Quality	Metrics

Mesh	quality	metrics	were	checked	for	each	aircraF	in	order	to	ensure	that	no	mesh	quality	issues	
were	affecVng	the	results,	as	shown	in	Table	8.	It	should	be	noted	that	the	criteria	listed	were	used	
to	determine	 the	relaVve	quality	of 	the 	meshes	for 	each	aircraF; 	all 	of 	 the	meshes	used	were	
considered	to	be	of	sufficient	quality	to	produce	accurate	results.	
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Table	8:	Mesh	Quality	Metrics

Cell	Metric Criteria
Percentage	Of	Non-Compliant	Cells	[%]

C-130A DC-3 DC-4 AT-802A
Quality >	0.001 0 0 0 0

Volume	Change >	0.01 0.002 0.002 0.001 0.003

Aspect	RaVo >	0.02 0.1 0.1 0.13 0.02

Skewness	Angle <	85	degrees 0.01 0.01 0.02 0.03

3.3 PHYSICS	METHOD

Star	CCM+ 	v10.06.009	was	used	to	solve	the	discreVzed	Reynolds-Averaged	Navier-Stokes	(RANS)	
equaVons. 	 Reynolds 	 Averaging 	 decomposes 	 the 	 flow 	 into 	 its 	 Vme-averaged 	 and 	 fluctuaVng	
quanVVes,	and	requires	an	addiVonal	turbulence	model	for	closure	of	the	governing	equaVons.	The	
k-ω	SST	(Shear	Stress	Transport)	turbulence	model	was	used	for	all	CFD	models	and	a	segregated	
flow	solver	was	used	with	a	second	order	upwind	convecVon	scheme	to	solve	the	resulVng	system	
of	equaVons.	The	k-ω	SST	model	has	previously	been	used	to	accurately	predict	the	aerodynamic	
performance	of	complete	aircraF	of	comparable	size	to	those	modeled	in	this	project	 	(Menter,	
Kuntz,	&	Langtry,	2003),	and	has	been	shown	to	out-perform	the	Spalart-Allmaras	turbulence	model	
(also	commonly	used	for	aerospace	applicaVons)	in	cases	involving	flow	separaVon	(Brodersen	et	al.,	
2005). 	 The 	 k-ω 	SST 	model 	 combines 	 two 	exisVng 	 turbulence 	models, 	namely 	 the 	 k-ω 	and 	 k-ε	
models. 	The 	k-ω	model 	 represents 	 the 	Vme-varying 	 turbulence	 in 	 the 	flow	via 	 two	turbulence	
transport 	variables; 	k, 	 the	turbulent	kineVc	energy	and	ω, 	 the	specific	dissipaVon	rate. 	The	k-ε	
model	instead	makes	use	of	k	and	ε,	the	turbulent	dissipaVon	rate.	The	combinaVon	of	these	two	
models	via	the	SST	model	retains	the	advantages	of	the	k-ω	model	in	modeling	adverse	pressure	
gradients	and	separated	flow,	while	recVfying	the	excessive	sensiVvity	of	that	model	to	the	specified	
free-stream	turbulence	condiVons. 	The	use	of	the 	k-ω 	SST	model	(and	two-equaVon	turbulence	
models 	 in 	 general) 	 introduces 	 a 	 simplificaVon 	 to 	 the 	model 	 in 	 the 	 form 	 of 	 the 	 Boussinesq	
approximaVon, 	 the 	primary 	effect 	of 	which 	 is 	 the 	 treatment 	of 	 turbulence 	within 	 the 	flow	as	
isotropic.	While	higher	order	turbulence	models	are	available	for	modeling	anisotropic	turbulence,	
the	extra	computaVonal	expense	incurred	when	using	such	a	model	is	viewed	as	unjusVfied	in	light	
of	the	number	of	cases	to	be	run	and	the	well	validated	nature	of	the	k-ω	SST	model	for	flows	of	this	
type,	as	referred	to	above.

The	air	was	modeled	as	incompressible,	in	accordance	with	commonly	accepted	assumpVons	when	
modeling	aerodynamic	flows	below	Mach	0.3 	(Anderson,	2001,	pp.	435–463).	 This	is	considered	
appropriate	for	modeling	the	operaVonal	speeds	of	the	various	aircraF	under	consideraVon,	defined	
within	the	Requirements	SpecificaVon 	(AMOG	ConsulVng	Inc.,	2016)	 as	between	100	and	200	kn	
(i.e.	Mach	0.15	–	0.3).	
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3.3.1 Fluid	ProperSes

The	air	around	the	aircraF	was	modeled	as	the	US	Standard	Atmosphere	(NaVonal	AeronauVcs	and	
Space	AdministraVon,	1976),	and	accordingly	values	of	2.37x10-3	slug/F3	and	3.78x10-7	lb	s/F2	have	
been	used	for	the	density	and	dynamic	viscosity 	respecVvely. 	 It 	 is 	expected	 that 	high 	humidity	
condiVons	will	prevail	over	the	sea	surface,	and	that	spraying	will	therefore	not	be	conducted	in	dry	
air.	Sverdrup	(1946)	presented	measurements	of	relaVve	humidity	values	at	varying	heights	above	
the	sea	surface.	The	measurements	reported	by	Sverdrup	indicate	that	the	relaVve	humidity	at	the	
sea	surface	may	be	as	high	as	80	%.	The	humidity	varies	significantly	with	height,	and	can	be	as	low	
as	55%	at	around	100	F	above	the	sea	surface.	According	to	published	data	for	air	properVes	at	
80	%	humidity 	(Melling,	Noppenberger,	SVll,	&	Venzke,	1997),	differences	of	approximately	1	%	in	
the	viscosity	and	density	values	compared	to	dry	air	are	expected.	The	differences	are	less	for	lower	
humidity 	 values. 	 As 	 such, 	 neglecVng 	 the 	 change 	 in 	 the 	 air 	 fluid 	 properVes 	with 	 humidity 	 is	
considered	appropriate	and	unlikely	to	result	in	any	significant	inaccuracy.

3.3.2 Boundary	CondiSons

The	upstream,	top	and	side	faces	of	the	fluid	domain	were	modeled	as	inlets	with	flow	velocity	
specified.	The	aF	face	of	the	domain	has	been	modeled	as	a	pressure	outlet,	with	a	fixed	pressure	of	
0	psi	gauge.	Owing	to	the	model	being	constructed	in	a	reference	frame	fixed	relaVve	to	the	aircraF,	
the	staVonary	sea	surface	was	treated	as	a	wall	moving	with	velocity	determined	by	the	ground	
speed	and	track	of	the	aircraF.

The	surfaces	of	the	aircraF	were	modeled	as	non-slip	walls.	Roughness	of	the	aircraF	skin	has	not	
been	considered,	and	these	wall	boundaries	were	modeled	as	hydraulically	smooth.	

When	operaVng	in	a	crosswind,	the	aircraF	was	considered	to	be	piloted	on	a	heading	such	that	the	
resultant	ground	track	was 	aligned	with	the	 intended	course	for 	dispersant	spraying.	Given	the	
groundspeed,	the	windspeed,	and	the	angle	between	the	aircraF's	track	(dispersant	spraying	path)	
and	the	wind,	the	required	airspeed	and	heading	can	be	calculated,	as	shown	in	Figure	26.	
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Figure	26	:	Diagram	of	aircraF	velocity	vectors	(not	to	scale,	angles	exaggerated)

The 	 component 	 of 	 the 	 inlet 	 velocity 	 which 	 corresponds 	 to 	 the 	 wind 	 was 	modeled 	 with 	 an	
Atmospheric 	Boundary 	Layer 	 (ABL) 	profile, 	using 	 the 	equaVons 	described 	by 	Norris 	&	Richards	
(2010).	The	flow	velocity	was	calculated	as	shown	in	EquaVon	1,	with	the	von	Karman	constant, 	κ,	
set	in	accordance	with	the	descripVon	provided	by	Norris	&	Richards	(2010).	Similarly,	the	turbulent	
kineVc	energy	and	specific	dissipaVon	rate	are	given	by	EquaVons	2	and	3	respecVvely,	with	Cµ	and	β'	
being	addiVonal	constants	within	the	turbulence	model.

Uw=
u* ln * z / z0+

/
EquaVon	1

k=
u*
2

)C0

EquaVon	2
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3=
u*

)- '/ z
EquaVon	3

The	roughness	height	on	the	sea	surface,	z0,	was	taken	as	0.0002	m	as	reported	by	Wieringa	(1992).

As	the	wind	speed	varies	with	height	above	the	sea	surface,	the	resultant	inlet	velocity	also	varies	
with	height. 	The	inlet	velocity	components	in	the	streamwise	(x) 	and	lateral 	(y) 	direcVons	were	
therefore	calculated	as	per	EquaVons	4	and	5,	where	θ	is	the	angle	between	the	wind	direcVon	and	
the	aircraF's	track	(defined	as	0°	for	a	headwind),	za	 is	the	height	of	the	aircraF	above	the	ground	
and	φ	is	the	angle	by	which	the	aircraF's	track	is	deviated	from	its	heading	by	the	effect	of	the	wind.

U x * z +=)Uw * z +
2'V groundspeed

2 '2Uw * z +V groundspeed cos *.+cos *2* z +−2* za++

where2* z +=sin−1*
UW * z +sin *.+

)Uw * z +
2'V groundspeed

2 '2Uw * z +V groundspeed cos *.+
+

EquaVon	4

U y * z +=)Uw * z +
2'V groundspeed

2 '2Uw * z +V groundspeed cos*.+sin *2* z +−2* za++ EquaVon	5

Turbulence	properVes	from	the	ABL	calculaVons	(EquaVons	2	and	3)	were	implemented	directly	at	
the	boundaries,	as	the	airspeed	of	the	aircraF	was	considered	to	have	no	fluctuaVng	(i.e.	turbulent)	
components.

3.3.3 Dispersant	Spray	Nozzles

MoVon	of	the	dispersant	spray	droplets	has	been	modeled	as	the	result	of	three	fluid	forces	(drag	
force,	pressure	gradient	and	shear	liF	force),	combined	with	the	effects	of	turbulent	dispersion	and	
gravity. 	The	drag	coefficient	 is 	 formulated	as	shown	in 	EquaVon	6,	where	Rep	 is 	defined	as	the	
parVcle	Reynolds	Number	based	on	the	parVcle	diameter.	The	pressure	gradient	force	accounts	for	
the	force	exerted	on	a	droplet	which	exists	within	a	varying	pressure	field,	and	is	formulated	as	per	
EquaVon	7.	The	shear	liF	force	represents	the	force	acVng	on	a	droplet	within	a	velocity	gradient	
orthogonal	to	the	droplet	moVon,	and	the	liF	coefficient	developed	by 	Sommerfeld	(2000)	 was	
implemented.	

Cd={ 24
Re p

*1'0.15Rep
0.687+ for  Rep≤103

0.44 for  Rep(103
EquaVon	6

F p=−V p∇ pstatic EquaVon	7

Turbulent	dispersion,	the	phenomenon	by	which	the	turbulent	fluctuaVons	in	the	flow	produce	Vme	
varying	deflecVons	in	the	path	of	each	individual	droplet,	was	accounted	for	by	the	use	of	a	random	
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walk	procedure	and	the	turbulent	transport	variables	generated	by	the	turbulence	model.	The	spray	
was	modeled	in	a	number	of	'parcels',	whereby	the	spectrum	of	droplet	sizes	was	modeled	by	a	
discrete	number	of	individual	droplets.	Increasing	the	number	of	parcels	increases	the	accuracy	of	
the	turbulent	dispersion	model	at	the	cost	of	addiVonal	computaVon	Vme.	The	sensiVvity	of	the	
dispersion	paWern	 to 	 the 	number 	of 	parcels 	was 	determined 	 iteraVvely, 	and	final 	 results 	were	
converged	with	respect	to	increasing	parcel	count	as	described	in	SecVon	4.1.2.	Two	way	coupling	of	
the	Eulerian	and	Lagrangian	phases	has	been	included	in	the	model.	This	accounts	for	the	effect	of	
the	droplets	on	the	surrounding	fluid	velocity.

In	order	to	achieve	the	desired	applicaVon	rate	for	each	of	the	dispersant	spray	nozzles,	the	volume	
flow	rate	was	calculated	for	each	case	as	per	EquaVon	8,	where	Q	is	the	volume	flow	rate	in	gal/min,	
QA	is	the	volume	flow	rate	in	gal/acre	and	ws	is	the	swath	width	in	F.

Q=2.3248E-3QAwsV groundspeed EquaVon	8

The	behavior	of	the	spray	exiVng	the	nozzle	was	esVmated	on	the	basis	of	the	BETE	NF70	nozzle	for	
all	four	aircraF.	The	velocity	of	the	spray	exiVng	the	nozzle	was	established	on	the	basis	of	equaVons	
included	in	the	Spray	Engineering	Handbook. 	(PNR	Nozzles,	n.d.),	as	shown	in 	EquaVon	9,	where	
dnozzle 	is	the	effecVve	diameter	of	the	nozzle	in	inches	(0.203”	for	the	NF70	nozzle	(BETE,	n.d.))	and	
Vp,inlet	is	the	inlet	velocity	of	the	spray	droplets	in	F/s.

V p,inlet=1.2833
Q

1 dnozzle
2 EquaVon	9

The	effect	of	evaporaVon	of	the	dispersant	spray	has	not	been	included	in	the	model.	Experimental	
studies	have	demonstrated	that 	 the	percentage	of 	mass	 lost 	by	Corexit 	9500	under	a	 range	of	
spraying	condiVons	is	less	than	10%	over	a	period	of	20	minutes 	(Ebert,	Downer,	Clark,	&	Huber,	
2008).	The	dispersant	is	expected	to	take	significantly	less	than	20	minutes	to	reach	the	sea	surface	
once	released,	and	as	such	the	amount	of	evaporaVon	is	expected	to	be	correspondingly	less.	Given	
that	an	evaporaVon	model	would	require	calibraVon	against	high	fidelity	experimental	work,	the	
omission	of	evaporaVon	of	the	dispersant	is	considered	appropriate	and	unlikely	to	be	the	source	of	
significant	inaccuracy.	

The	shape	of	the	spray	release	from	the	nozzles	was	established	based	on	spray	trials	conducted	
with	Corexit	9500	sprayed	from	a	King	Air	E90	(Hoffmann,	2010).	The	spray	system	on	the	E90	made	
use	of	28	BETE	NF70	nozzles.	Published	informaVon	for	these	nozzles 	(BETE,	n.d.)	was	compared	
with	publicly	available	images	of	the	spray	exiVng	the	nozzles	(of	which	an	example	is	shown	in	
Figure	27)	and	a	spray	angle	of	15°	was	esVmated.	Each	nozzle	was	modeled	as	an	injecVon	point.	
The	velocity	distribuVon	of	the	parVcles	leaving	the	point	injector	was	uniformly	distributed	in	the	
spanwise	direcVon	so	that	parVcles	fanned	out	from	the	point	injector.	The	velocity	distribuVon	was	
specified 	 such 	 that 	 the 	 spanwise 	velocity 	 components 	 resulted 	 in 	a 	 spray 	angle 	matching 	 that	
esVmated	for	the	NF70	nozzle.
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Figure	27	:	Close-up	image	of	dispersant	spray	(InternaVonal	Air	Response,	2015b)

The	spray	dispersant	has	been	modeled	using	a	Lagrangian	parVcle	formulaVon	with	a	density	of	
1.84 	 slug/F3. 	 The 	 American 	 Society 	 of 	 Agricultural 	 Engineers 	 (ASAE) 	 'Medium 	 to 	 Coarse' 	 size	
distribuVon 	 (sourced 	 from 	 AGDISP) 	 has 	 been 	 used. 	 The 	 probability 	 density 	 funcVon 	 for 	 this	
distribuVon	is	shown	in	Figure	28,	and	a	summary	of	the	relevant	parameters	is	shown	in	Table	9.	
58%	of 	 the 	of 	the	droplets 	 fall 	within 	 the 	300	– 	700 	μm	size	 referred	 to 	 in	 the 	Requirements	
SpecificaVon	(AMOG	ConsulVng	Inc.,	2016).
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Figure	28	:	ParVcle	size	distribuVon	for	the	spray	droplets	(based	on	the	ASAE	Medium	to	Coarse	
distribuVon)

Table	9:	Droplet	Size	DistribuVon	Parameters

Parameter Value	(μm)

Median	Droplet	Diameter 340

5th	PercenVle	Droplet	Diameter 130

95th	PercenVle	Droplet	Diameter 660

Peak	(Mode)	Droplet	Diameter 380

3.3.4 EsSmaSon	Of	Required	Angle	Of	ATack	To	Maintain	Level	Flight

The	magnitude	of	liF	generated	by	an	aircraF	is	a	key	determinant	of	the	size	and	strength	of	the	
vorVcal	flow	structures	generated	by	its	liFing	surfaces.	As	the	vorVces	were	expected	to	affect	the	
spray	parVcle	trajectories,	the	angle	of	aWack	at	which	each	aircraF	would	generate	the	required	liF	
to	maintain	level	flight	was	calculated	as	an	input	to	the	CFD	model	for	each	different	airframe	and	
flight	condiVon	modeled.
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For	the	C-130A,	liF	vs.	angle	of	aWack	curves	were	available	(Lockheed	AircraF	CorporaVon,	1953)	
and 	using 	 this 	 data 	 the 	 required 	angle 	of 	 aWack 	 could 	 be 	esVmated 	 for 	 each 	flight 	 condiVon	
modeled.	

For	the	AT-802A,	DC-3	and	DC-4	no	such	data	was	found	to	be	publicly	available.	In	order	to	esVmate	
the	required	angle	of	aWack	for	each	case	being	modeled,	CFD	models	of	each	of	the	airframes	were	
run	for	a	simple	flight	condiVon	(no	crosswind	and	‘regulatory’	alVtudes	and	applicaVon	speeds	as	
per	DMP2)	at	several	angles	of	aWack.	From	these	models	the	liF	generated	was	extracted	and	used	
to	generate	liF	vs.	angle	of	aWack	curves	for	each	of	the	AT-802A,	DC-3	and	DC-4.	The	resulVng	
curves	were	then	used	to	esVmate	the	required	angle	of	aWack.	The	validaVon	of	this	angle	of	aWack	
esVmaVon	methodology	is	presented	in	SecVon	4.3.

3.3.5 Propeller	Modeling

As	the	spray	dispersant	behavior	was	modeled	as	a	steady	state	phenomenon,	some	simplificaVon	
was	required	in	order	to	model	the	propeller	wash.	The	degree	of	interacVon	between	the	propeller	
wash	and	the	dispersant	behavior	was	not	expected	to	warrant	the	addiVonal	complexity	required	
to	fully	represent	the	transient	behavior	of	the	propellers	by	explicitly	modeling	the	rotaVng	blades.

Since	full	geometric	details	of	the	propeller	could	not	be	obtained	for	each	aircraF,	the	propeller	
was	represented	by	a	virtual	disk,	a	secVon	of	the	fluid	domain	within	which	a	momentum	source	
was	introduced	to	approximate	the	thrust	and	swirl	effects	of	the	propeller.	Under	steady	level	flight	
condiVons	the	thrust	generated	by	the	propellers	is	equal	to	the	total	aircraF	drag.	

CFD	modeling	of	aircraF	to	accurately	predict	total	aircraF	drag	under	varying	flight	condiVons	is	a	
complex	task	far	beyond	the	scope	of	this	project.	In	parVcular,	the	parasiVc	drag	of	small	geometric	
details	not	 included	in	the	CFD	models	(landing	gear, 	 lights, 	antennae,	etc.)	can	be	a	significant	
contributor. 	As 	 such, 	 to 	esVmate 	 the 	magnitude 	of 	 thrust 	 required 	 for 	each 	aircraF 	and 	flight	
condiVon	being	modeled	simple	drag	esVmaVon	techniques	typically	employed	during	preliminary	
aircraF 	design 	were 	uVlized 	(Raymer, 	2003; 	Torenbeek, 	1982) 	in 	conjuncVon	with 	aerodynamic	
performance	data	where	available,	such	as	for	the	C-130A	(Lockheed	AircraF	CorporaVon,	1953).

For	the	C-130A,	since	a	total	liF	vs.	drag	curve	was	available	(Lockheed	AircraF	CorporaVon,	1953)	
the	drag	coefficient	corresponding	to	the	liF	coefficient	required	to	maintain	steady	level	flight	could	
be	interpreted	from	the	curve.	The	resulVng	drag	coefficient	could	then	be	input	to	EquaVon	10	in	
conjuncVon	with	the	dynamic	pressure	(calculated	based	on	the	true	airspeed	which	accounts	for	
wind	speed	and	direcVon	at	the	height	of	the	aircraF,	and	the	air	density	at	alVtude)	for	each	of	the	
cases	being	modeled.

FD=CDq EquaVon	10

Where	FD	is	the	drag	force,	CD		is	the	total	drag	coefficient	and	q	is	the	dynamic	pressure.

For	the	AT-802A,	DC-3	and	DC-4,	conservaVve	zero	liF	drag	coefficients	were	assumed,	assuming	
that	increased	thrust	(corresponding	to	increased	drag)	would	result	in	addiVonal	spray	driF	and	
therefore	be	conservaVve.	Further	details 	of	the	effect	of	the	propeller	wash	on	spray	driF	are	
included	in	SecVon	3.3.5.1.	Total	drag	was	calculated	by	assuming	the	liF	generated	was	equal	to	the	
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weight	of	the	aircraF	and	applying	calculated	dynamic	pressure	values	for	each	of	the	cases	being	
modeled	as	shown	in	EquaVon	11.

D=q Sref CD0'
W 2

*1 Ae q S ref +
EquaVon	11

Where	q	is	the	dynamic	pressure,	Sref 	is	the	airframe	planform	main	wing	reference	area,	CD0 	is	the	
zero	liF	drag	coefficient,	W	is	the	aircraF	weight,	A	is	the	main	wing	aspect	raVo,	and	e	is	the	Oswald	
efficiency	number	(conservaVvely	assumed	as	0.75	(Raymer,	2006)).

The	drag 	esVmates	calculated	as	described	above	were	used	to 	set 	the 	total 	amount	of 	thrust	
required	per	airframe	which	was	divided	evenly	between	the	number	of 	engines	for	the	mulV-
engined 	airframes. 	 The 	model 	was 	 simplified 	by 	 assuming 	 that 	 all 	 thrust 	 is 	 generated 	by 	 the	
propellers	themselves	without	contribuVon	from	exhaust	thrust	of	the	turbopropeller	engines.	This	
assumpVon	was	considered	conservaVve	as	parVcle	driF	extents	were	assumed	to	be	influenced	by	
the	added	momentum	perpendicular	to	the	direcVon	of	travel	(due	to	the	swirl	components)	forcing	
the	dispersant	parVcles	spanwise	into	more	complex	vortex	structures	where	they	may	be	entrained	
and	remain	aloF	for	longer.

The	propeller	rotaVon	rate	in	conjuncVon	with	the	aircraF	true	airspeed	was	used	to	determine	the	
advance 	 raVo 	of 	 the 	propeller. 	Using 	 the 	advance 	raVo 	and 	required 	 thrust, 	 values 	 for 	 torque	
coefficient	and	propeller	efficiency	matching	each	operaVng	condiVon	were	then	determined	for	the	
AT-802A	and	the	C-130A	using	the	proprietary	data	and	soFware	supplied	by	Hartzell	Propeller	Inc.	
and 	 UTC 	 Aerospace 	 Systems 	 respecVvely. 	 In 	 the 	 absence 	 of 	 informaVon 	 from 	 the 	 propeller	
manufacturer	(for	the	DC-3	and	DC-4)	values	of	torque	coefficient	and	propeller	efficiency	were	
assumed 	 at 	 0.02 	 and 	 0.80 	 respecVvely 	 as 	 representaVve 	 values 	 for 	 variable 	 pitch 	 large	
turbopropeller	aircraF	similar	to	that	of	the	C-130A	propellers.

As	all	of	the	airframes	considered	uVlize	variable	pitch	propellers	designed	to	operate	at	a	constant	
rotaVon	rate,	the	virtual	disk	model	was	implemented	in	the	CFD	using	the	rotaVon	rate	to	define	
the		operaVng	set	point	where	the	virtual	disk	model	imparts	axial	and	swirl	momentum	to	the	flow	
field	using	the	derived	propeller	coefficients	described	above.	

In	reality,	especially	for	airframes	where	the	propeller	wash	interacts	with	liFing	surfaces	or	the	
fuselage, 	 as 	was 	 the 	 case 	 for 	 all 	 airframes 	modeled 	 in 	 the 	 project, 	 the 	 addiVon 	of 	propeller	
momentum	will	affect	the	aerodynamic	performance	of	the	aircraF.	

The	 interconnected	nature	of 	 the 	LiF, 	Weight, 	Drag 	and	Thrust 	calculaVons 	generally 	require	a	
number	of	iteraVons	to	converge	and	such	methodology	(as	is	usually	reserved	for	design	of	aircraF)	
was	considered	unnecessarily	intensive	for		general	wake	characterizaVon	of	the	airframes	given	the	
level	of	detail	of	available	inputs.	Future	work	could	consider	higher	fidelity	modeling	including		trim	
effects,	however	compared	to	the	current	project	this	would	increase	the	number	of	parameters	in	
the	soluVon	space	considerably	and	require	significantly	more	detail	for	both	aircraF	geometry	and	
operaVonal	informaVon	to	ensure	accurate	results.
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3.3.5.1 Thrust	Sensi3vity	Study

As	limited	data	was	available	with	which	to	validate	the	aircraF	drag	and	required	thrust	for	the	
range	of	cases	 invesVgated, 	a	sensiVvity	study	was	conducted	to	 invesVgate	the	affect 	on	spray	
parVcle	driF	of	including	momentum	sources	from	the	propellers	in	the	CFD	models.

In	reality,	in	a	steady	level	flight	condiVon	the	amount	of	thrust	is	equal	the	drag	generated,	which	is	
heavily	dependent	on	the	flight	condiVons	of	the	aircraF	and	also	to	some	extent	on	effect	of	the	
propeller	wake	on	the	flow	around	the	aircraF.	For	modeling	purposes, 	some	esVmaVon	of	the	
thrust 	was 	required	as 	 the 	CFD	model 	necessarily 	omits 	minor	exterior 	surface 	details 	 such	as	
landing	gear,	flap	hinges,	surface	roughnesses	and	ancillary	equipment	(e.g.	lights	and	antennae),	all	
of	which	add	parasiVc	drag.	Accurate	predicVon	of	the	total	aircraF	drag	using	CFD	modeling	is	a	
highly	complex	task	beyond	the	scope	of	the	project.	

Given 	 that 	 the 	 required 	 thrust 	 could 	 not 	 be 	 absolutely 	 determined 	using 	 the 	 CFD 	models, 	 a	
sensiVvity	analysis	was	conducted	using	the	AT-802A	CFD	model	to	determine	whether	the	amount	
of	thrust	produced	by	the	propeller	affected	the	distribuVon	of	parVcles	in	the	aircraF	wake.	The	
details	of	the	cases	used	to	assess	the	sensiVvity	of	the	results	to	the	thrust	generated	are	presented	
in	Table	10.

Table	10:	Thrust	Comparison	Case	Details

Parameter Low	Thrust Higher	Thrust

Height	Above	Ground	(F) 16 16

Wind	Speed	(kn) 20 20

Wind	DirecVon,	relaVve	to	aircraF	heading	(°) 90 90

AircraF	Velocity	(kn) 150 150

ParVcle	Size	DistribuVon Coarse	to	medium Coarse	to	medium

Propeller	Thrust	(lbf) 1,030 1,620

The	results	of	the	propeller	thrust	comparison	are	shown	in	Figures	29	and	30.	Figure	29	shows	that	
the	addiVonal 	 thrust 	pushes	some	of 	 the	 lighter	parVcles 	 further	behind	 the	aircraF. 	However,	
Figures 	29	 and 	30	 illustrate 	 that 	 in 	 terms 	 of 	 the 	maximum 	extent 	 of 	 parVcle 	 driF 	 (which 	 is	
predominantly	in	the	crosswind	direcVon),	the	amount	of	thrust	does	not	affect	the	soluVon	within	
the	50	F	accuracy	with	which	results	will	be	reported.

Based	on	these	results	addiVonal	CFD	iteraVons	and	further	detailed	modeling	of	thrust	to	obtain	a	
more	accurate	esVmated	of	the	propeller	wake	and	magnitude	of	thrust	required	of	the	aircraF	are	
not	recommended	for	crosswind	cases.	
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Figure	29	:	ScaWer	of	parVcles	from	CFD	simulaVons	with	high	and	low	thrust

Figure	30	:	DeposiVon	of	parVcles	in	the	crosswind	direcVon	from	CFD	simulaVons	with	high	and	
low	thrust
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4 VERIFICATION	AND	VALIDATION

Having	developed	the	CFD	models	as	described	in	SecVons 	2	and 	3,	a	number	of	verificaVon	and	
validaVon	acVviVes	were	conducted	to	demonstrate	their	accuracy.	Three	types	of	 	acVviVes	were	
conducted,	specifically:

1. VerificaVon	Studies	–	these	studies	include	mesh	independence	studies	used	to	ensure	that	
the	numerical	discreVzaVon	is	sufficiently	fine	so	as	to	not	affect	the	soluVon.

2. QualitaVve	ValidaVon	Studies	–	in	lieu	of	field	spray	trial	data,	a	qualitaVve	comparison	of	the	
moVon	of	spray	driF	provides	validaVon	of	the	large	scale	fluid	moVon

3. QuanVVve 	 ValidaVon 	 Studies 	 – 	where 	 possible, 	 the 	 CFD 	models 	were 	 validated 	 against	
numerical	data.

ValidaVon 	acVviVes 	were 	conducted 	on 	a 	 single 	operaVonal 	 case 	 for 	each 	airframe. 	Given 	 the	
underlying 	physics, 	algorithms	and	mesh	do	not 	change	 for 	each	operaVonal 	case, 	as 	 the 	CFD	
models	passed	each	of	the	validaVon	acVviVes,	the	models	were	considered	representaVve	for	all	
operaVonal	scenarios	in	the	CFD	case	list.

4.1 NUMERICAL	VERIFICATION	STUDIES

The	CFD	models 	described	in	SecVon 	3	 model	both	the	airflow	in	the	wake	of 	the	aircraF	and	
resulVng 	moVon 	 of 	 the 	 dispersant 	 parVcles. 	 To 	model 	 these 	 two 	 fluid 	 phases, 	 two 	 different	
numerical	models	were	used.	A	mesh	independence	study	and	a	parcel	count	independence	study	
were	conducted	to	ensure	both	the	airflow	and	dispersant	moVons	were	accurately	represented	in	
the	numerical	models.

4.1.1 Mesh	Independence	Study

The	airflow	was	modeled	using	an	Eulerian	frame	of	reference	in	a	finite	volume	approach	based	on	
discreVzing	space	with	a	mesh.	A	mesh	independence	study	was	conducted	to	determine	the	level	
of 	mesh 	 refinement 	 required 	 for 	each 	of 	 the 	modeled 	aircraF. 	The 	mesh 	 independence 	 study	
involved	two	phases:

(i) The	level	of	mesh	resoluVon	required	to	resolve	the	near	field	flow	around	the	aircraF	was	
invesVgated,	using	the	calculated	liF	and	drag	values	as	the	determinant	of	whether	mesh	
independence	had	been	reached.

(ii) The	level	of	far-field	mesh	resoluVon	required	to	model	the	decay	of	the	wake	and	wingVp	
vorVces	was	determined,	using	the	extent	of	the	spray	dispersant	driF	as	the	criteria	for	mesh	
independence.	

4.1.1.1 Near	Field	Mesh	Resolu3on

This 	phase	of 	the 	mesh	resoluVon	study	was	conducted	using	the	no	wind	base	case 	for 	each	
airframe.	The	results	of	the	AT-802A	have	been	included	below.	Similar	results	were	found	for	the	
other	three	airframes.
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The	mesh	independence	study	was	based	on	the	no	wind	base	case	for	the	AT-802A	(i.e.	no	wind,	16	
F	alVtude,	150	kn	airspeed).	Based	on	these	results	a	base	size	of	13	F	was	used	for	meshing	the	AT-
802A. 	At 	 this 	mesh	size 	 the 	esVmated	error 	with	 respect 	 to 	the	 theoreVcal 	mesh	 independent	
soluVon	was	0.26	%	for	liF	and	4.6	%	for	drag.	The	convergence	behavior	of	the	predicted	liF	and	
drag	is	shown	in	Figures	32	and	33	respecVvely.

During	this	phase	of	the	mesh	resoluVon	study,	the	near	field	mesh	resoluVon	was	demonstrated	to	
have	no	significant	effect	on	the	mean	posiVon	of	the	dispersant	parVcles	impacVng	the	sea	surface.

Table	11:	Air	Tractor	-	Gird	ResoluVon	Study	Results

Case	Number Base	Size	
(F)

Number	Of	
Cells

LiF Drag

(lbf) %	Error (lbf) %	Error

1 26 2,572,388 17,553 0.82 1,075 17.87

2 21 3,469,931 17,603 0.54 1,032 13.16

3 16 5,592,873 17,624 0.42 989 8.44

4 13 8,883,001 17,652 0.27 954 4.61

5 11.5 11,806,131 17,675 0.14 945 3.62

Extrapolated	value 0 - 17699 0 912 0

Notes:	
1. Extrapolated	value	is	the	theoreVcal	mesh	independent	soluVon	found	by	extrapolaVng	the	fit	of	the	data	to	the	0	cell	size.
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Figure	31	:	AT-802A	mesh	resoluVon	study	liF

Figure	32	:	AT-802A	mesh	resoluVon	study	drag

IdenVcal	mesh	independence	studies	were	conducted	for	each	of	the	airframes,	and	a	summary	of	
the	findings	is	presented	in	Table	12.
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Table	12:	Summary	Near	Field	Mesh	Independence	Studies

Airframe Number	Of	Cells LiF	Error	(%) Drag	Error	(%)

AT	802A 8,883,001 0.27 4.61

C-130A 10,115,546 1.15 8.80

DC-3 12,278,713 0.30 6.70

DC-4 12,434,626 0.23 9.17

Notes:	
1. Error	esVmates	are	based	on	the	theoreVcal	mesh	independent	soluVon	found	by	extrapolaVng	the	fit	of	the	data	to	the	0	

cell	size.
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4.1.1.2 Far	Field	Mesh	Resolu3on

Although	the	purpose	of	the	CFD	was	to	assess	the	effect	of	near	field	wake	structures	on	the	
dispersion	of	parVcles, 	an	invesVgaVon	was	undertaken	to	determine	if 	the	far	field	region	was	
providing	a	mesh	independent	soluVon.	

To	reduce	the	size	of	the	mesh	the	downstream	mesh	was	created	using	a	mesh	extrusion	zone,	as	
shown	in 	Figure	33.	This	method	takes	the	final	cell	count	at	a	boundary	(selected	at	2	aircraF	
lengths 	 behind 	 the 	 aircraF) 	 and 	 extrudes 	 this 	mesh 	 downstream. 	 The 	 domain 	was 	 extended	
downstream	using	a	slow	growth	factor	such	that	the	cells	close	to	the	aircraF	maintain	an	aspect	
raVo	close	to	1.0.	The	relaVvely	low	number	of	layers	and	growth	rate,	used	to	limit	the	number	of	
cells	 in	the	mesh,	causes	the	cells	at	the	end	of	the	domain	to	have	poor	aspect	raVos	as	they	
become	stretched.

Figure	33	:	Mesh	expansion	in	the	far	field	zone

Given 	the 	 limitaVons 	of 	 the 	available 	compuVng	hardware, 	 increasing 	 the 	mesh	density 	 in 	 this	
region 	whilst 	 solving 	 the 	near-field 	flow	was 	not 	 feasible. 	As 	 such, 	 the 	flow	field 	and 	parVcle	
posiVons	at 	a 	 locaVon	330	F	downstream	of 	the	aircraF	were	extracted	and	used	as	the	 input	
boundary	condiVons	to	a	new	downstream	domain.	This	new	downstream	domain	was	meshed	
with	simple	hexahedral	mesh	elements	and	uniform	cell	spacing	in	the	wake	region.	The	parVcle	
touch	down	locaVons	were	then	extracted	and	compared	to	the	original	mesh	resoluVon.

Figure	34	shows	the	results	of	this	study.	It	demonstrates	that	the	mesh	resoluVon	in	the	far	field	
has	an	effect	on	the	vortex	decay	rate	and	subsequent	locaVon	of	parVcle	deposiVon.	The	resoluVon	
in	the	original	simulaVon	increases	the	vortex	decay	rate	and	causes	parVcles	to	impact	the	sea	
surface	sooner.	While	there	is	a	marked	difference	between	the	predicted	fracVon	aloF,	at	large	
distances	downstream	the	refined	soluVon	approaches	the	original	results.	These	results	indicate	
that	further	invesVgaVon	of	the	far	field	mesh	refinement	would	be	required	in	order	to	develop	a	
CFD	model	which	maintained	the	desired	level	of	accuracy	at	large	distances	downstream.	The	level	
of	mesh	resoluVon	and	corresponding	computaVonal	expense	required	to	do	so	was	prohibiVve	
within	the	bounds	of	the	current	project.	

As	such,	to	determine	a	cut	off	locaVon	at	which	the	CFD	results	will	be	used	the	aspect	raVo	of	the	
cells	in	the	aircraF	wake	was	considered.	At	a	distance	of	4000	F	behind	the	aircraF	the	aspect	raVo	
is	less	than	0.1.	CFD	results	were	not	used	beyond	this	point	(note	that	for	a	crosswind	case	of	20	kn	
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this	equates	to	approximately	500	F	downstream).	It	should	be	noted	that	the	original	intent	of	the	
CFD 	models 	was 	 to 	 assess 	 the 	 near-field 	wake 	 effects 	 on 	 the 	 aerial 	 dispersant. 	 As 	 the 	mesh	
resoluVon	has	been	determined	to	be	adequate	in	the	near	field	region,	the	comparison	of	results	
between	AGDISP	and	the	CFD	models	should	only	be	relied	upon	in	the	near	field	region.

Figure	34	:	Comparison	of	fracVon	of	dispersant	aloF	for	original	and	refined	far	field	CFD	
simulaVons

4.1.2 Parcel	Count	Independence	Study

The	moVon	of	the	dispersant	was	modeled	using	a	Lagrangian	parVcle	tracking	algorithm.	In	the	
Lagrangian	parVcle	tracking	algorithm	the	mass	is	represented	by	parcels.	Each	parcel	represents	a	
number	of	individual	parVcles	which	have	the	same	properVes,	i.e.	diameter	and	density.	Because	
each	parcel	represents	a	number	of	parVcles,	and	those	parVcles	are	assumed	to	move	together,	the	
soluVon	is	dependent	on	the	number	of	parcels	used.	To	confirm	that	the	number	of	parcels	used	
was 	 sufficient 	 to 	describe 	 the 	moVon	of 	 the 	parVcles 	a 	parcel 	 count 	 independence	 study	was	
conducted.

In	conducVng	the	study,	the	base	crosswind	case	(20	kn	at	90	°	to	aircraF	track)	for	the	AT-802A	was	
used	and	the	total	number	of	parcels	was	varied	from	10	to	10,000	parcels	per	injector. 	Figure	35	
shows	the	fracVon	aloF	in	the	direcVon	perpendicular	to	the	aircraF	for	different	parcel	counts.	
These	results	show	that	beyond	1,000	parcels	the	mass	fracVon	aloF	does	not	change	significantly.	
At	 low	parcel	counts	the	fracVon	aloF	curve	is	visibly	 jagged,	this	 is	due	to	the	low	number	of	
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parcels	resulVng	in	 insufficient	resoluVon	of	the	parVcle	size	distribuVon.	Based	on	this	study	a	
parcel	count	of	at	least	1,000	was	used	for	all	CFD	comparison	simulaVons	with	AGDISP.

Figure	35	:	VariaVon	of	predicted	fracVon	aloF	with	the	number	of	parcels	used	in	the	CFD	model

4.2 QUALITATIVE	MODEL	VALIDATION	STUDIES

During	the	project	an	exhausVve	search	was	undertaken	to	idenVfy	quanVtaVve	data	sources	for	
verificaVon	of	the	CFD	models.	Unfortunately	experimental	spray	trial	data	could	not	be	sourced	
due 	 to 	 ongoing 	 legal 	 proceedings 	with 	 a 	 number 	 of 	 the 	 potenVal 	 data 	 providers. 	 In 	 lieu 	 of	
quanVtaVve 	data 	a 	qualitaVve 	comparison 	of 	 the 	dispersant 	 trajectory 	behind 	 the 	aircraF 	was	
conducted. 	 The 	 qualitaVve 	 comparison 	 was 	 conducted 	 by 	 comparing 	 the 	 simulated 	 parVcle	
trajectories	to	photographs	of	the	aircraF	conducVng	spraying	operaVons.

4.2.1 Spray	DriE	Comparison	AT-802A

A	qualitaVve	comparison	was	conducted	between	the	modeled	and	photographed	spray	behavior	
behind	the	AT-802A.	Figure	36	shows	the	mean	parVcle	volume	fracVon	distribuVon	at	a	number	of	
downstream	posiVons.	As	expected,	the	further	downstream	posiVons	illustrate	the	gravitaVonal	
forces	dominaVng	over	the	iniVal	release	momentum	with	the	parVcles	sinking	down.	The	effect	of	
the	wingVp	vorVces	 is 	shown	to	entrain	a	porVon	of	the	outboard	parVcles	that	prolongs	their	
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downward	driF.	This	phenomenon	has	been	observed	in	actual	low	alVtude	spraying	acVviVes	as	
depicted	in	Figure	37	and	was	also	idenVfied	in	the	CFD	modeling	conducted	by	Ryan	et	al.	(2013)

These	results	show	that	the	CFD	models	are	capturing	the	significant	flow	structures	affecVng	the	
dispersant	trajectories.

Figure	36	:	Comparison	of	mean	parVcle	volume	fracVon	downwind	of	the	aircraF	
The	leF	pane	shows	results	from	AMOG’s	CFD	study,	the	right	pane	shows	AGDISP	and	CFD	results	

from	(Ryan	et	al.,	2013)
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Figure	37	:	AT-802A	low	alVtude	aerial	spray	operaVons
	

4.2.2 Spray	DriE	Comparison	C-130A

A	qualitaVve	comparison	was	conducted	between	the	modeled	and	photographed	behavior	of	the	
spray 	 behind 	 the 	 C-130A. 	Figure 	 38	 shows 	 the 	 near 	 field 	 spray 	 trajectories 	 behind 	 the
C-130A	predicted	by	the	CFD	model.	The	fuselage	causes	a	local	change	in	the	flow	which	causes	the	
parVcles	to	be	drawn	upward	and	inward	following	the	flow	past	the	rear	cargo	door.	This	unique	
flow	structure	is	also	clearly	visible	behind	an	actual	C-130A	during	spray	operaVons	(as	shown	in	
Figure	39).

These	results	show	that	the	CFD	models	are	capturing	the	significant	flow	structures	affecVng	the	
dispersant	trajectories.

Figure	38	:	VisualizaVon	of	near	field	spray	trajectories	behind	the	C-130A
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Figure	39	:	C-130A	conducVng	spray	operaVons

4.3 QUANTITATIVE	MODEL	VALIDATION	STUDIES

The 	 angle 	 of 	 aWack 	 required 	 to 	 maintain 	 steady 	 flight 	 was 	 esVmated 	 in 	 accordance 	 with	
methodology	described	in	SecVon 	3.3.4.	In	order	to	validate	the	liF	being	generated	by	the	CFD	
methodology,	a	study	was	performed	comparing	the	liF	coefficient	vs.	angle	of	aWack	data	with	liF	
coefficients	derived	from	the	CFD	of	the	C-130A.	

The	C-130A	CFD	model	was	run	for	a	number	of	cases	with	varying	operaVonal	parameters	at	0°	
angle	of	aWack.	For	each	of	these	cases	the	expected	liF	was	calculated	using	aerodynamic	data	
(Lockheed	AircraF	CorporaVon,	1953),	which	was	then	compared	with	results	extracted	from	the	
CFD	model.	A	summary	of	the	results	is	presented	in	Table	13.
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Table	13:	C-130A	Calculated	LiF	Comparison	Against	CFD	Generated	LiF

AlVtude	
(F)

ApplicaVon	
Speed	
(kn)

Wind	
Speed	
(kn)

Wind	Angle	
(°	RelaVve	
To	AircraF	
Track)

Calculated	
LiF	

EsVmate	
(lb)

CFD	LiF	
(lb)

%	Error	

75 150 0 0 96,507 81,029 -16.0%

75 150 0 0 96,507 70,214 -27.2%

75 150 20 0 126,214 99,965 -20.8%

75 150 20 90 98,494 71,892 -27.0%

75 150 35 0 151,074 121,695 -19.4%

75 150 20 30 122,494 96,627 -21.1%

100 150 20 90 98,595 70,032 -29.0%

100 200 20 90 173,643 137,830 -20.6%

The	results	demonstrate	that	the	C-130A	CFD	model	consistently	produced	less	liF	than	expected	
from	the	theoreVcal	calculaVons	at	zero	degrees	angle	of	aWack	with	18°	flap	extension.	This	could	
be 	due 	 to 	 inaccuracies 	 introduced	 in 	 the 	model 	geometry 	due 	 to 	 required	assumpVons 	 in 	 the	
absence	of	detailed	data,	such	as	the	simplificaVon	of	the	main	wing	flaps.

Without 	 performing 	 addiVonal 	 validaVon 	 of 	 the 	 DC-3 	 and 	 DC-4 	 against 	 reliable 	 aerodynamic	
performance	data	it	is	difficult	to	determine	whether	the	trend	of	CFD	liF	under-predicVon	would	
extend	to	the	DC-3	and	DC-4	CFD	models.	If	the	DC-3	and	DC-4	CFD	models	also	under-predict	the	
liF	generated	this	would	serve	to	increase	the	angle	of	aWack	required	beyond	what	is	realisVcally	
required	to	maintain	level	flight	for	a	given	weight	and	potenVally	lead	to	greater	fuselage	wake	
effects.	

Since	for	the	DC-3	and	DC-4	models	the	angle	of	aWack	required	for	each	case	was	determined	via	
CFD	liF	results	(as	described	in	SecVon	3.3.4),	the	angle	of	aWack	used	could	be	calibrated	to	ensure	
that	the	amount	of	liF	generated,	and	hence	the	size	and	strength	of	major	wake	features	(i.e.	
wingVp	vorVces)	was	accurate	against	the	chosen	modeling	weight,	as	shown	in	Table	15.	The	angles	
of 	 aWack 	 required 	 to 	 generate 	 the 	 targeted 	weights 	were 	 not 	 considered 	unreasonably 	 large,	
although	further	validaVon	using	operator	feedback	and	addiVonal	aerodynamic	data	is	suggested	
for	future	works.

As	an	example	for	validaVon	of	the	angle	of	aWack	esVmaVon	methodology,	Table 	14	 shows	the	
range	of	liF	generated	for	the	DC-4	across	a	subset	the	set	of	cases	run.	
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Table	14:	DC-4	Calculated	LiF	Comparison	Against	CFD	Predicted	LiF

AlVtude	
(F)

ApplicaVon	
Speed	
(kn)

Wind	
Speed	
(kn)

Wind	Angle	
(°	RelaVve	
To	AircraF	
Track)

Calculated	
LiF	

EsVmate	
(lb)

CFD	LiF	
(lb)

%	Error1

50 150 0 - 3.16 72,965 4.2%

50 150 10 0 2.3 74,061 5.8%

50 150 10 30 2.4 74,062 5.8%

50 150 10 60 2.7 73,778 5.4%

50 150 10 90 3.1 73,195 4.5%

50 150 35 0 0.7 75,914 8.4%

50 150 40 30 0.7 75,817 8.3%

50 150 23 60 2.1 74,368 6.2%

50 150 20 90 3.03 73,231 4.6%

Notes:	
1. The	targeted	DC-4	LiF	was	70,000	lb,	representaVve	of	the	upper	range	of	take-off	weights	for	a	DC-4.

For 	 comparison, 	 the 	 liF 	generated 	 for 	a 	 simple 	no-wind 	case 	 for 	all 	 airframes 	 is 	 presented 	 in	
Table	15.	It	is	noted	that	the	AT-802A	and	the	C-130A	models	were	not	run	with	the	angles	of	aWack	
esVmated	as 	 required	 to 	achieve	a 	targeted	 liF, 	nevertheless 	 the 	 results 	demonstrate 	 that 	 the	
magnitude	of	liF	generated	is	reasonable	for	all	airframes	for	the	configuraVons	modeled.

Table	15:	Airframe	CFD	LiF	Generated	At	Angle	Of	AWack	As	EsVmated	To	Be	Required	
To	Maintain	Level	Flight

AircraF Targeted	AircraF	
Weight	
(lb)

Angle	Of	AWack	
(°)

CFD	LiF	
(lb)

%	Error	From	
Targeted	AircraF	

Weight

AT-802A 16,000 01 17,646 10.3%

C-130A 108,000 01 81,001 -25.0%

DC-3 25,200 0 24,987 -0.9%

DC-4 70,000 3.2 72,965 4.2%

Notes:	
1. The	angle	of	aWack	for	these	cases	was	not	set	in	the	CFD	against	an	esVmated	angle	required	to	produce	liF	equal	to	the	

target	aircraF	weight.
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A	search	of	publicly	available	sources	shows	a	range	of	design	masses	and	maximum	take	of	weights	
depending	on	airframe	configuraVons,	modificaVons	and	cargo.	In	the	absence	of	typical	aircraF	
loads	for	spraying	operaVons,	airframe	masses	were	assumed	as	either	design	weights	or	in	the	
upper	range	of	maximum	take-off	weights	as	shown	in	Table	15.	Whilst	it	is	recognized	that	spray	
operaVons	may	occur	at	aircraF	masses	lower	than	that	assumed,	modeling	the	higher	masses	was	
considered	conservaVve	as	greater	liF	is	required	to	maintain	steady	flight,	leading	to	potenVally	
greater 	 impact 	 from	 the 	generated 	vorVces 	on 	 spray 	parVcle 	 trajectories. 	 If 	 actual 	operaVonal	
aircraF	 loads	are	 lower	than	those	assumed, 	 further	modeling	may	reduce	the 	predicted	spray	
extents.

ValidaVon 	 of 	 the 	 flap 	 deployment 	 seXngs 	 and 	 angles 	 of 	 aWack 	 against 	 operator 	 advice 	 and	
aerodynamic	data	 is 	suggested	as	an	area	of 	 future	study	to	ensure	the	CFD	model	results	are	
reflecVve	of	actual	operaVng	condiVons.
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5 CFD	RESULTS	–	EXPLORATORY	STUDY

At	the	conclusion	of	Phase	2	of	the	project,	a	set	of	CFD	models	were	developed	and	validated	for	
four 	 airframes 	 (as 	described 	 in 	 SecVons 	3	 and 	4). 	 To 	determine 	 the 	most 	 robust 	method 	 for	
predicVng	the	extent	of	aerial	spray	driF	in	the	DST,	an	exploratory	CFD	study	was	undertaken.	In	
this	exploratory	CFD	study	the	results	from	the	validated	CFD	models	were	compared	to	exisVng	
aerial	dispersant	models	to	determine	whether	the	exisVng	aerial	dispersant	models	were	suitable	
for	modeling	the	extent	of	spray	driF	in	oil	spill	operaVons.

AGDISP	was	selected	as	the	exisVng	model	most	applicable	to	modeling	aerial 	spray	release.	As	
such,	the	predicted	fracVon	aloF	from	AGDISP	was	compared	to	the	results	from	CFD	simulaVons	for	
similar 	 spraying 	 condiVons. 	 The 	 following 	 secVons 	present 	 the 	 results 	of 	 the 	 comparison. 	 The	
comparison	was	conducted	based	on	answering	the	following	quesVons	shown	in	Table	16.

Table	16:	QuesVons	Tested	In	AGDISP-CFD	Comparison

No. QuesVon Answer

1 In	general,	is	there	good	correlaVon	between	the	CFD	and	AGDISP	results	in	
the	near	field	region?

Yes	/No

2 For	crosswind	cases	which	model	is	more	conservaVve? AGDISP/CFD

3 For	intermediate	wind	direcVon	cases	which	model	is	more	conservaVve? AGDISP/CFD

4 For	headwind	cases	which	model	is	more	conservaVve? AGDISP/CFD

5 Does	alVtude	change	which	model	is	more	conservaVve? Yes/No

6 Does	aircraF	speed	change	which	model	is	more	conservaVve? Yes/No

7 Does	dispersant	parVcle	size	distribuVon	change	which	model	is	more	
conservaVve?

Yes/No

This	comparison	was	made	for	each	airframe	by	extracVng	the	following	variables	from	the	CFD	
models	and	entering	them	into	AGDISP:

● Wind	speed	and	direcVon;

● Release	height;

● AircraF	drag;

● AircraF	mass	(based	on	the	liF	produced	for	a	parVcular	case);

● Propeller	rotaVon	rate;	and

● Spray	nozzle	posiVons,	parVcle	size	distribuVon	and	flow	rate.

All	other	variables	were	set	to	the	default	seXngs	in	AGDISP.
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5.1 AIR	TRACTOR	AT-802A

The	extent	of	aerial	spray	from	the	Air	Tractor	AT-802A	airframe	was		predicted	using	both	the	CFD	
and 	 AGDISP 	models. 	 	 Tables 	6	 and 	7	 show 	 the 	 distances 	 in 	 line 	with 	 the 	 aircraF 	 track 	 and	
perpendicular	to	the	aircraF	track	for	50	%,	75	%,	90	%	and	95	%	of	the	mass	to	touch	down.	Figure
40	 shows	a	comparison	of	the	mass	fracVon	aloF	for	the	 crosswind	base	case	(20	kn	at	90	°	to	
aircraF	track).	This	demonstrates	close	correlaVon	between	the	CFD	and	AGDISP	predicVons	in	the	
near	field	region,	beyond	which	AGDISP	provides	a	more	conservaVve	predicVon	of	the	mass	aloF	as	
a	funcVon	of	down	wind	distance.	Beyond	500	F	the	mesh	resoluVon	in	the	CFD	has	been	reduced,	
in 	order 	 to 	 reduce 	 computaVonal 	Vme. 	 The 	mesh 	was 	extended 	 in 	order 	 to 	 allow 	qualitaVve	
examinaVon	of	the	wake	in	the	far	field	region,	however	there	is	insufficient	mesh	resoluVon	in	this	
region	for	quanVtaVve	comparisons	of	deposiVon.

Figure	40	:	AT-802A	comparison	of	CFD	and	AGDISP	results	for	crosswind	base	case	
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Table	17:	AT-802A	Comparison	Of	PosiVon	Of	Deposited	Mass	In	Line	With	The	AircraF	Track

Case AlVtude	
(F)

Ground	
Speed	
(kn)

Wind	
Speed
(kn)

Wind	
Angle	
(°)

PSD1 CFD
(F)

AGDISP
(F)

RaVo
CFD/AGDISP

Comment

50%3 75% 90% 95% 50% 75% 90% 95% 50% 75% 90% 95%

No	Wind2 16 150 0 0 Standard -4 1 13 - - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Headwind)2

16 150 20 0 Standard 98 118 184 - - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Crosswind)

16 150 20 90 Standard 0 9 23 48 3 5 8 10 0.12 1.60 2.84 5.06 CFD		conservaVve

Intermediate	
Wind	angle

16 150 21.9 60 Standard 29 49 99 245 35 60 154 246 0.85 0.81 0.64 1.00 Good	correlaVon	
far	field

Intermediate	
Wind	angle2

16 150 24.8 30 Standard 54 84 181 - - - - - - - - - AGDISP	cannot	
assess

Minimum	
AlVtude

15 150 20 90 Standard 0 8 23 46 1 4 6 7 0.15 2.10 3.75 6.25 CFD	conservaVve

Maximum	
AlVtude

50 150 20 90 Standard 27 51 146 0 4 6 8 10 6.75 8.24 17.8 - CFD	conservaVve

Minimum	Speed 16 110 20 90 Standard 4 13 27 47 3 6 9 11 1.38 2.21 3.10 4.39 CFD	conservaVve

Lighter	ParVcles 16 150 20 90 Fine 12 26 67 154 3 5 6 8 4.11 5.65 10.5 19.2 CFD	conservaVve

Heavier	ParVcles 16 150 20 90 Coarse 0 8 21 39 -2 2 4 6 0.06 4.65 5.39 7.05 CFD	conservaVve

Notes:	
1. ParVcle	Size	DistribuVon:	Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	Coarse	respecVvely.
2. Headwind,	no	wind	and	intermediate	wind	cases	with	wind	angles	less	than	60°	could	not	be	simulated	in	AGDISP.
3. PosiVon	at	which	50%	of	the	released	mass	has	touched	down.
4. AGDISP	does	not	provide	results	for	fracVon	aloF	behind	the	aircraF,	these	results	were	back	calculated	from	Lagrangian	parVcle	tracks.
5. Due	to	limitaVons	in	the	mesh	refinement	in	the	far	field	results	beyond	650	F	were	not	reported	for	the	CFD	cases.
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Table	18:	AT-802A	Comparison	Of	Results	Perpendicular	To	The	AircraF	Track
Case AlVtude	

(F)
Ground	
Speed	
(kn)

Wind	
Speed
(kn)

Wind	
Angle	
(°)

PSD1 CFD	
(F)

AGDISP	
(F)

RaVo
CFD/AGDISP

Comment

50%3 75% 90% 95% 50% 75% 90% 95% 50% 75% 90% 95%

No	Wind2 16 150 0 0 Standard 7 24 48 - - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Headwind)2

16 150 20 0 Standard -1 17 35 55 - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Crosswind)

16 150 20 90 Standard 67 100 179 396 66 106 279 455 1.02 0.94 0.64 0.87 AGDISP	
conservaVve

Intermediate	
Wind	angle

16 150 21.9 60 Standard 59 89 166 392 62 103 266 417 0.96 0.86 0.62 0.94 AGDISP	
conservaVve

Intermediate	
Wind	angle2

16 150 24.8 30 Standard 38 62 118 287 - - - - - - - - AGDISP	cannot	
assess

Minimum	
AlVtude

15 150 20 90 Standard 63 93 165 359 62 97 264 429 1.02 0.96 0.62 0.84 AGDISP	
conservaVve

Maximum	
AlVtude

50 150 20 90 Standard 259 412 - - 275 489 901 1367 0.94 0.84 - - AGDISP	
conservaVve

Minimum	Speed 16 110 20 90 Standard 62 92 150 268 71 110 293 486 0.89 0.84 0.51 0.55 AGDISP	
conservaVve

Lighter	ParVcles 16 150 20 90 Fine 108 195 526 - 88 203 456 708 1.23 0.96 1.15 - Inconclusive

Heavier	ParVcles 16 150 20 90 Coarse 67 98 166 312 56 79 156 298 1.20 1.23 1.06 1.05 Good	correlaVon	
far	field

Notes:	
1. ParVcle	Size	DistribuVon:	Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	Coarse	respecVvely.
2. Headwind,	no	wind	and	intermediate	wind	cases	with	wind	angles	less	than	60°	could	not	be	simulated	in	AGDISP.
3. PosiVon	at	which	50%	of	the	released	mass	has	touched	down.
4. Due	to	limitaVons	in	the	mesh	refinement	in	the	far	field	results	beyond	650	F	were	not	reported	for	the	CFD	cases.
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In	general	there	is	good	agreement	between	the	predicted	fracVon	aloF	using	the	AGDISP	and	CFD	
models	for	predicVon	of	spray	driF	perpendicular	to	the	aircraF	track.	AGDISP	is	shown	to	be	more	
conservaVve	in	a	majority	of	crosswind	condiVons,	including	the	intermediate	wind	angle	cases.

To	facilitate	the	comparison	of	deposiVon	behind	the	aircraF	a	non-standard	output	from	AGDISP	
was	used	and	the	deposiVon	paWern	was	calculated.	It	should	be	noted	that	using	this	approach	is	
limited	by	the	number	of	trajectory	files	that	AGDISP	will	produce.	The	results	shown	in 	Table	18	
show	that	there	is	good	correlaVon	in	the	predicted	deposiVon	paWern	behind	the	aircraF	for	cases	
with	a	component	of	the	wind	acVng	in	line	with	the	track	of	the	aircraF.	This	is	confirmed	by	the	
scaWer	plot	of	parVcle	touch	down	for	the	intermediate	wind	case	shown	in	Figure	41.

Figure	41	:	AT-802A	comparison	of	CFD	and	AGDISP	results	-	intermediate	wind	angle	case	(60°)

AGDISP	was	designed	such	that	it	only	provides	a	predicVon	of	driF	perpendicular	to	the	track	of	the	
aircraF, 	 this 	makes 	comparison	of 	headwind	 cases 	difficult. 	To 	assess 	whether	headwind	cases	
would	be	governing	in	terms	of	defining	maximum	extent,	the	results	from	CFD	simulaVons	were	
compared	directly.	Specifically	the	driF	behind	the	aircraF	for	the	20	kn	headwind	case	(436	F	for	
95%	of	parVcles	to	touch	down)	was	compared	to	the	driF	perpendicular	to	the	aircraF	track	in	the	
20 	 kn 	crosswind	 case 	 (396 	F 	 for 	95 	% 	of 	parVcles 	 to 	 touch 	down). 	 This 	 result 	 indicates 	 that	
headwind	cases	and	crosswind	cases	create	a	similar	amount	of	driF	for	the	AT-802A,	indicaVng	that	
the	effect	of	the	wing	Vp	vorVces	on	the	dispersant	 is	not	pronounced	for	this	aircraF.	AGDISP	
provides	a	more	conservaVve	predicVon	for	the	distance	to	95	%	of	mass	touching	down	for	the	
crosswind	case	(453	F)	which	is	greater	than	the	CFD	predicVon	for	both	crosswind	and	headwind	
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cases.	As	such,	for	the	DST	the	driF	in	headwind	cases	was	predicted	based	on	the	maximum	extent	
in	the	perpendicular	direcVon	for	a	crosswind	case,	with	a	115	%	safety	factor	applied	to	account	for	
the	extra	driF	in	headwind	cases.	The	safety	factored	was	determined	as	described	in	SecVon	7.2.

When	assessing	the	effect	of	alVtude,	the	results	in	Table	18	show	that	the	results	from	AGDISP	and	
CFD	are	in	agreement	for	the	50th	 percenVle	touch	down	and	75th	 percenVle	touchdown.	For	the	
high	alVtude	case,	the	predicted	distance	to	90	%	of	mass	touching	down	is	beyond	the	refined	
region	in	the	CFD	for	which	quanVtaVve	comparison	is	reliable.	As	such	it	is	unclear	which	numerical	
method	is	more	conservaVve.

The	sensiVvity	of	the	extent	of	spray	driF	to	the	parVcle	size	distribuVon	is	shown	in	Figure	42.	The	
predicted	fracVon	aloF	is	well	correlated	in	the	near	field	for	all	parVcle	size	distribuVons.	Further	
downwind	in	the	less	refined	region	the	correlaVon	between	AGDISP	and	CFD	is	not	as	strong.	

Since	the	compleVon	of	this	study,	addiVonal	informaVon	has	become	available	regarding	the	most	
representaVve	ParVcle	Size	DistribuVon	(PSD).	This	informaVon	indicates	that	in	parVcular	for	the	
C-130A	a	coarser	PSD	would	likely	be	more	appropriate	for	the	spray	system	used	in	offshore	oil	spill	
response.	In	light	of	this	new	informaVon,	it	would	be	prudent	to	revisit	this	analysis	as	the	extent	of	
spray	driF	is	likely	to	change	significantly.	However,	in	the	current	release	of	the	DST	it	was	idenVfied	
that	a	finer	PSD	will	produce	a	more	conservaVve	esVmate	of	spray	driF,	thus	limiVng	any	risk	of	
exposure	to	workers	in	the	area.
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Figure	42	:	AT-802A	comparison	of	CFD	and	AGDISP	results	for	different	ParVcle	Size	DistribuVons
Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	

Coarse	respecVvely.

Based	on	 the 	results 	presented	 in 	Tables 	17	 and 	18	 and	 the 	subsequent 	discussion	above 	 the	
following	conclusions	are	drawn	about	the	predicVon	of	spray	driF	from	an	Air-Tractor	AT-802A	
using	AGDISP:

Table	19:	Conclusions	For	AT-802A	AGDISP-CFD	Comparison

No. QuesVon Answer

1 In	general,	is	there	good	correlaVon	between	the	CFD	and	AGDISP	results	in	
the	near	field	region?

Yes

2 For	crosswind	cases	which	model	is	more	conservaVve? AGDISP

3 For	intermediate	wind	direcVon	cases	which	model	is	more	conservaVve? AGDISP

4 For	headwind	cases	which	model	is	more	conservaVve? Inconclusive

5 Does	alVtude	change	which	model	is	more	conservaVve? Inconclusive

6 Does	aircraF	speed	change	which	model	is	more	conservaVve? No

7 Does	dispersant	parVcle	size	distribuVon	change	which	model	is	more	
conservaVve?

Inconclusive
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5.2 LOCKHEED	C-130A	HERCULES

The	extent	of	aerial	spray	from	the	Lockheed	C-130A	Hercules	airframe	was	predicted	using	both	the	
CFD	and	AGDISP	models.	Tables	8	and	9	show	the	distances	in	line	with	and	perpendicular	to	the	
aircraF	track 	 for 	50 	%, 	75 	%, 	90 	%	and	95	%	of 	 the 	mass 	to 	 touch	down. 	Figure 	43	 shows	a	
comparison	of	the	mass	fracVon	aloF	for	the	crosswind	base	case.	These	results	show	that	there	is	a	
significant	difference	between	the	predicted	parVcle	transport	behavior	using	AGDISP	and	CFD.	In	
the	near	field	region	the 	CFD	simulaVons 	appear	more	 conservaVve, 	conversely 	 in 	the	far 	field	
(beyond	650	F	for	the	case	shown	in 	Figure	43)	AGDISP	provides	a	conservaVve	predicVon	of	the	
extent	of	spray	driF.

The 	flow 	 field 	 behind 	 the 	 C-130A 	was 	 analyzed 	 to 	 determine 	 the 	 cause 	 of 	 the 	 difference 	 in	
predicVons. 	Figure 	 44	 shows 	the 	 flow 	field 	 behind 	 the 	 C-130A, 	wherein 	 the 	 gray 	 iso-contour	
indicates	the	presence	of	vorVces	while	the	streamlines	show	the	trajectory	of	the	parVcles.	This	
image	clearly	shows	the	parVcles	released	from	the	spray	boom	being	drawn	up	behind	the	C-130A.	
The	effect	occurs	in	a	region	where	vorVces	are	not	present,	indicaVng	that	this	is	likely	due	to	the	
tapered	fuselage	shape	of	the	rear	of	the	C-130A.	As	AGDISP	does	not	account	for	the	effect	of	the	
fuselage	wake	it	is	not	suitable	for	predicVng	the	extent	of	spray	immediately	behind	the	C-130A.

Figure	43	:	C-130A	comparison	of	CFD	and	AGDISP	results	for	crosswind	base	case	
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Figure	44	:	C-130A	visualizaVon	of	parVcle	tracks	in	near	field	fuselage	wake	effect
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Table	20:	C-130A	Comparison	Of	PosiVon	Of	Deposited	Mass	In	Line	With	The	AircraF	Track

Case AlVtude	
(F)

Ground	
Speed	
(kn)

Wind	
Speed
(kn)

Wind	
Angle	
(°)

PSD1 CFD
(F)

AGDISP
(F)

RaVo
CFD/AGDISP

Comment

50%3 75% 90% 95% 50% 75% 90% 95% 50% 75% 90% 95%

No	Wind	No	
Propellers2

75 150 0 0 Standard 70 95 132 160 - - - - - - - - AGDISP	cannot	
assess

No	Wind2 75 150 0 0 Standard 75 132 199 228 - - - - - - - - AGDISP	cannot	
assess

Headwind	
Regulatory	Max2

75 150 35 0 Standard 758 943 1203 1500 - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Headwind)2

75 150 20 0 Standard 491 616 763 923 - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Crosswind)

75 150 20 90 Standard 142 203 245 280 239 278 339 389 0.59 0.73 0.72 0.72 AGDISP	
conservaVve

Intermediate	
Wind	angle2

75 150 20 30 Standard 452 554 669 800 - - - - - - - - AGDISP	cannot	
assess

Maximum	
AlVtude

100 150 20 90 Standard 165 238 298 - 271 311 373 419 0.61 0.76 0.80 - AGDISP	
conservaVve

Maximum	
AlVtude	and	
speed

100 200 20 90 Standard 171 217 - - 183 209 250 290 0.93 1.04 - - AGDISP	
conservaVve

Notes:	
1. ParVcle	Size	DistribuVon:	Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	Coarse	respecVvely.
2. Headwind,	no	wind	and	intermediate	wind	cases	with	wind	angles	less	than	60°	could	not	be	simulated	in	AGDISP.
3. PosiVon	at	which	50%	of	the	released	mass	has	touched	down.
4. AGDISP	does	not	provide	results	for	fracVon	aloF	behind	the	aircraF,	these	results	were	back	calculated	from	Lagrangian	parVcle	tracks.
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Table	21:	C-130A	Comparison	Of	Results	Perpendicular	To	The	AircraF	Track

Case AlVtude	
(F)

Ground	
Speed	
(kn)

Wind	
Speed
(kn)

Wind	
Angle	
(°)

PSD1 CFD
(F)

AGDISP
(F)

RaVo
CFD/AGDISP

Comment

50%3 75% 90% 95% 50% 75% 90% 95% 50% 75% 90% 95%

No	Wind	No	
Propellers2

75 150 0 0 Standard -7 3 17 49 - - - - - - - - AGDISP	cannot	
assess

No	Wind2 75 150 0 0 Standard -7 10 24 31 - - - - - - - - AGDISP	cannot	
assess

Headwind	
Regulatory	Max2

75 150 35 0 Standard -15 5 23 42 - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Headwind)2

75 150 20 0 Standard -12 7 23 38 - - - - - - - - AGDISP	cannot	
assess

Base	Case	
(Crosswind)

75 150 20 90 Standard 460 576 732 927 393 569 1031 1749 1.17 1.01 0.71 0.53 AGDISP	
conservaVve	(Far	
field)

Intermediate	
Wind	angle2

75 150 20 30 Standard 186 232 299 388 - - - - - - - - AGDISP	cannot	
assess

Maximum	
AlVtude

100 150 20 90 Standard 650 806 1038 - 568 825 1471 2375 1.14 0.98 0.71 - AGDISP	
conservaVve	(Far	
field)

Maximum	
AlVtude	and	
speed

100 200 20 90 Standard 556 692 - - 497 735 1392 2629 1.12 0.94 - - AGDISP	
conservaVve	(Far	
field)

Notes:	
1. ParVcle	Size	DistribuVon:	Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	Coarse	respecVvely.
2. Headwind,	no	wind	and	intermediate	wind	cases	with	wind	angles	less	than	60°	could	not	be	simulated	in	AGDISP.
3. PosiVon	at	which	50%	of	the	released	mass	has	touched	down.
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5.2.1 Fuselage	Wake	Effect

The	CFD	study	of	the	C-130A	idenVfied	a	fuselage	wake	effect	that	altered	the	trajectory	of	the	
dispersant	immediately	behind	the	aircraF.	This	fuselage	wake	effect	is	not	modeled	in	AGDISP.	The	
results	shown	in 	Figure	43	 indicate	that	in	the	CFD	simulaVons	the	fracVon	of	dispersant	aloF	is	
greater 	 in 	the	near	field	before 	seWling 	out 	of 	the 	air 	 faster 	 further	downstream. 	A	study	was	
undertaken	to	further	understand	the	flow	characterisVcs	which	lead	to	this	counter	intuiVve	result.	

The	visualizaVons	of	the	flow	in	Figures 	44	and 	46	 show	that	in	the	near	field	the	fuselage	wake	
effect 	 draws 	 the 	 parVcles 	 upward 	 and 	 inward. 	 This 	 upward 	 draF 	 lasts 	 only 	 a 	 short 	 distance	
downstream	while	 the 	parVcles 	are	near	 the 	aircraF	and	this 	causes 	the 	 iniVal 	 increase 	 in 	the	
fracVon	aloF.

While	in	the	near	field	the	fuselage	wake	effect	causes	an	increase	in	the	fracVon	aloF	this	does	not	
result	in	parVcles	staying	aloF	longer	downstream.	There	are	two	key	differences	between	the	flow	
fields	predicted	by	AGDISP	and	the	CFD	model	which	may	explain	this:

1. The	complex	interacVon	of	the	vorVcal	wake	of	the	C-130A.	Not	only	is	there	a	flap	vortex	and	
wingVp	vortex	pair	present,	but	there	is	an	effect	from	the	tail	of	the	C-130A,	which	generates	
its	own	Vp	vorVces	rotaVng	in	the	opposite	direcVon	to	those	created	by	the	main	wing	and	
flap	(as	shown	in	Figure	45).	The	three	vorVces	generated	on	each	side	of	the	aircraF	process	
around	each	other	and	may	force	some	parVcles	down	earlier	than	predicted	 in	AGDISP,	
which	only	models	the	main	wingVp	vorVces.	

2. The	likely	cause	of	the	earlier	seWling	is	the	fuselage	wake	itself	as	it	draws	the	parVcles	both	
upwards	and	inwards,	as	shown	in	Figure	46.	As	the	wake	draws	the	spray	droplets	inward,	
this	has	the	effect	of	pulling	the	spray	away	from	the	stronger	wingVp	vortex	pair.	As	the	
influence	of	the	fuselage	wake	decays	the	parVcles	are	not	entrained	in	vorVces	which	would	
otherwise	keep	them	aloF	further	downstream.

(a) (b)

Figure	45	:	Wake	vorVces	extracted	from	the	C-130A	CFD	model	at	(a)	650	F	and	(b)	5,000	F
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Figure	46	:	VisualizaVon	of	parVcles	in	the	near-field	fuselage	wake	effect	at	650	F	behind	the
C-130A.

5.2.2 Summary	Of	C-130A	EvaluaSon

Given	the	presence	of	the	fuselage	wake	effect	and	the	generally	poor	far	field	correlaVon	between	
the	AGDISP	and	CFD	results	as	shown	in 	Figure	43,	it	was	concluded	that	AGDISP	cannot	be	used	
directly	to	predict	the	maximum	extent	of	spray	driF	for	the	C-130A.	However,	the	results	of	the	
various	CFD	simulaVons	conducted	may	be	compared.	The	cases	which	resulted	in	the	greatest	driF	
were:

● Headwind	regulatory	maximum	case	with	35	kn	headwind	–	the	CFD	predicted	that	90	%	of	
mass	would	touch	down	at	1,200	F	behind	the	aircraF.

● The	maximum	alVtude	crosswind	case	 	-	the	CFD	predicted	that	90	%	of	mass	would	touch	
down	at	1,037	F	perpendicular	to	the	track	of	the	aircraF.

● Headwind	base	case	with	20	kn	headwind	–	the	CFD	predicted	that	90	%	of	mass	would	touch	
down	at	765	F	behind	the	aircraF.

As	with	the	AT-802A,	the	distribuVon	of	deposited	mass	was	comparable	for	similar	headwind	and	
crosswind	condiVons.	These	results	show	that	90	%	of	mass	would	touch	down	at	765	F	behind	the	
aircraF	in	a	20	kn	headwind	and	730	F	perpendicular	to	the	aircraF	track	in	a	20	kn	crosswind.
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In	the	near	field,	the	CFD	and	AGDISP	both	indicate	a	similar	parVcle	deposiVon	gradient	behind	the	
aircraF,	although	the	CFD	indicates	that	this	occurs	further	behind	the	aircraF,	as	shown	in	Figure	
43.	This	indicates	that	AGDISP	is	at	least	predicVng	the	same	dry	deposiVon	process,	and	is	only	not	
accounVng	for	the	temporary	liF	provided	by	the	fuselage	wake	effect.	

Beyond 	650 	F, 	 the 	 two 	 soluVons 	 reverse 	 and 	AGDISP 	appears 	 to 	delay 	 the 	deposiVon 	of 	 the	
remaining	parVcles	in	the	wake,	leading	to	a	more	conservaVve	esVmate	in	the	far	field.	As	such,	
there	is	a	reasonable	expectaVon	that	AGDISP	provides	a	conservaVve	predicVon	of	the	far-field	
extent 	of 	driF. 	Given	the 	simplificaVons	made	in	the	CFD	model 	and	 its 	 limited	applicability	 in	
modeling 	 the 	 far 	field 	spray 	driF, 	 it 	was 	considered 	appropriate 	 to 	use 	 the 	most 	 conservaVve	
features	of	the	spray	driF	behavior	predicted	by	both	models.

Based	on	the	results	presented	in	Figures	43	and	44	and	Tables	20	and	21	the	following	conclusions	
are	drawn	about	the	predicVon	of	spray	driF	from	a	Lockheed	C-130A	using	AGDISP:

Table	22:	Conclusions	For	The	C-130A	AGDISP-CFD	Comparison

No. QuesVon Answer

1 In	general,	is	there	good	correlaVon	between	the	CFD	and	AGDISP	results	in	
the	near	field	region?

No

2 For	crosswind	cases	which	model	is	more	conservaVve? Inconclusive

3 For	intermediate	wind	direcVon	cases	which	model	is	more	conservaVve? Inconclusive

4 For	headwind	cases	which	model	is	more	conservaVve? Inconclusive

5 Does	alVtude	change	which	model	is	more	conservaVve? Inconclusive

6 Does	aircraF	speed	change	which	model	is	more	conservaVve? Inconclusive

7 Does	dispersant	parVcle	size	distribuVon	change	which	model	is	more	
conservaVve?

Not	assessed

5.3 DOUGLAS	DC-3

The	extent	of	aerial	spray	from	the	Douglas	DC-3	airframe	was	predicted	using	both	AGDISP	and	the	
CFD	model.	IniVal	results	for	the	DC-3	showed	a	large	difference	between	the	predicted	spray	extent	
obtained	from	AGDISP	and	the	CFD	model.	Given	the	large	difference	in	predicted	spray	behavior	
the	full	case	list	was	not	run.	For	the	abbreviated	case	list,	Figure	24	shows	the	predicted	distance	
perpendicular	to	the	aircraF	track	for	50	%,	75	%,	90	%	and	95	%	of	the	mass	to	touch	down.	Figure
47	 illustrates 	 the 	significant 	difference 	between	the 	predicted 	parVcle 	 transport 	behavior 	using	
AGDISP	and	CFD.	The	CFD	predicts	the	parVcles	to	remain	aloF	much	further	downstream	in	both	
the	near	and	far	field	regions.

The	flow	field	behind	the	DC-3	was	analyzed	to	determine	the	cause	of	the	observed	difference.	
Figure	48	 shows	the	flow	field	immediately	behind	the	DC-3.	The	gray	 iso-contour	 indicates	the	
presence	of	vorVces	while	the	streamlines	show	the	trajectory	of	the	parVcles.	This	image	clearly	
shows	that	the	spray	boom	extends	into	the	wing	Vp	vortex	region	which	causes	a	large	number	of	
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parVcles	to	be	entrained	in	the	wing-Vp	vortex.	It	is	noted	that	extending	the	boom	beyond	65	%	to	
70 	%	of 	 the 	wing 	 semi-span 	 is 	not 	 recommended 	pracVce 	 for 	agricultural 	 spraying 	operaVons	
(Barbosa,	2010;	Teske,	Thistle,	Barry,	&	Eav,	1998).	

Figure	47	:	DC-3	Comparison	of	CFD	and	AGDISP	results	for	crosswind	base	case	

Figure	48	:	DC-3	visualizaVon	of	parVcles	released	in	wing	Vp	and	flap	vorVces
The	gray	iso-contours	indicate	the	presence	of	vortex	cores.	Streamlines	show	parVcle	tracks
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In	addiVon	to	the	wing-Vp	vortex 	Figure	48	shows	a	strong	vortex	being	shed	off	the	edge	of	the	
deployed 	flap. 	Given 	 the 	 limited 	 informaVon 	provided 	by 	 the 	Oil 	 Spill 	 Response 	OrganizaVons	
(OSROs) 	with	regard	to	spray	operaVng	condiVons,	the	exact	amount	of	flap	deployment	during	
dispersant 	 spraying 	 operaVons 	 was 	 not 	 directly 	 known, 	 although 	 analysis 	 accounVng 	 for 	 the	
regulatory	speeds	for	spray	dispersal	from	the	DC-3	indicate	that	flap	deployment	is	required	to	
maintain	sufficient	liF.	The	presence		of	the	flap	vortex	affects	the	spray	trajectory	in	both	the	near	
and	far	field. 	Figure	49	 shows	that	in	the	far	field	the	wing-Vp	and	flap	vorVces	interact	in	a	co-
rotaVng	vortex	pair.	The	two	vorVces	process	around	each	other	such	that	the	inner	flap	vortex	
travels	down	beneath	the	wing	Vp	vortex	before	being	pulled	upward,	liFing	the	parVcles	entrained	
in	the	flap	vortex	further	off	the	ground	and	keeping	them	aloF	longer.

As	AGDISP	is	based	on	liFing	line	theory	it	does	not	account	for	mulVple	vortex	interacVons	and,	as	
such,	is	not	capable	of	capturing	this	behavior.

Figure	49	:	DC-3	visualizaVon	of	parVcles	in	flap-wingVp	vortex	interacVon
The	grey	iso-contours	indicate	the	presence	of	vorVces.	Streamlines	show	parVcle	tracks
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Table	23:	DC-3	Comparison	Of	Results	Perpendicular	To	The	AircraF	Track

Case AlVtude	
(F)

Ground	
Speed	
(kn)

Wind	
Speed
(kn)

Wind	
Angle	
(°)

PSD1 CFD	
(F)

AGDISP	
(F)

RaVo
CFD/AGDISP

Comment

50%3 75% 90% 95% 50% 75% 90% 95% 50% 75% 90% 95%

Base	Case	
(Crosswind)

75 130 20 90 Standard 729 1400 - - 495 752 1543 2189 1.47 1.86 - - CFD	ConservaVve

Intermediate	
Wind	angle2

75 130 20 30 Standard 364 - - - - - - - - - - - AGDISP	cannot	
assess

Maximum	
AlVtude

100 130 20 90 Standard 1002 - - - 688 1057 2089 3170 1.46 - - - CFD	ConservaVve

Notes:	
1. ParVcle	Size	DistribuVon:	Fine,	Standard	and	Coarse	refer	to	ASAE	Fine	to	Medium,	Medium	to	Coarse	and	Coarse	to	Very	Coarse	respecVvely.
2. Headwind,	no	wind	and	intermediate	wind	cases	with	wind	angles	less	than	60°	could	not	be	simulated	in	AGDISP.
3. PosiVon	at	which	50%	of	the	released	mass	has	touched	down.
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Given	the	presence	of	the	flap	vortex	pair	and	the	generally	poor	correlaVon	between	the	AGDISP	
and	CFD	results	described	in	Figure	47,	AGDISP	cannot	be	used	to	predict	the	maximum	extent	of	
spray	driF	for	the	DC-3.	In	any	case,	analysis	of	the	CFD	results	showed	that	the	worst	case	was	the	
maximum	alVtude,	maximum	crosswind	case,	where	the	CFD	predicted	that	50	%	of	mass	would	
touch	down	at	1000	F	perpendicular	to	the	track	of	the	aircraF.

Based	on	the	results	presented	in	Figures	47	and	48	the	following	conclusions	are	drawn	about	the	
predicVon	of	spray	driF	from	a	Douglas	DC-3	using	AGDISP:

Table	24:	Conclusions	For	The	Douglas	DC-3	AGDISP-CFD	Comparison

No. QuesVon Answer

1 In	general,	is	there	good	correlaVon	between	the	CFD	and	AGDISP	
results	in	the	near	field	region?

No

2 For	Crosswind	cases	which	model	is	more	conservaVve? AGDISP	Not	suitable

3 For	intermediate	wind	direcVon	cases	which	model	is	more	
conservaVve?

AGDISP	Not	suitable

4 For	headwind	cases	which	model	is	more	conservaVve? AGDISP	Not	suitable

5 Does	alVtude	change	which	model	is	more	conservaVve? AGDISP	Not	suitable

6 Does	aircraF	speed	change	which	model	is	more	conservaVve? Not	assessed

7 Does	dispersant	parVcle	size	distribuVon	change	which	model	is	
more	conservaVve?

Not	assessed

5.4 DOUGLAS	DC-4

For	the	Douglas	DC-4,	comparison	of	the	aerial	spray	dispersion	paWerns	predicted	by	AGDISP	and	
the	CFD	model	was	not	possible.	The	DC-4	configuraVon	modeled	includes	a	unique	spray	boom	
posiVon	located	above	the	trailing	edge	of	the	wing.	AGDISP	restricts	spray	configuraVons	to	those	
with	an	under	wing	spray	arrangement.	Therefore,	it	was	not	possible	to	model	the	Douglas	DC-4	
configured	as	idenVfied	for	use	in	spray	operaVons	in	AGDISP.

Despite	the	limitaVons	of	AGDISP,	the	aerial	spray	paWern	behind	the	DC-4	was	modeled	using	CFD.	
Figure	50	shows	the	interacVon	of	flow	parVcles	(streamlines)	with	the	vorVces	shed	from	the	wing	
Vps,	wing	flaps	and	tail.	Similarly	to	the	Douglas	DC-3	the	flow	behind	the	DC-4	is	affected	by	the	
presence	of	the	flap	vortex.	In	this	case,	the	flap	vortex	and	wing	Vp	vortex	merge	to	form	a	single	
vortex	structure	downstream	of	the	aircraF.	The	interacVon	of	these	complex	flow	structures	affects	
the	dispersion	of	parVcles	in	the	near	field;	care	must	be	taken	to	consider	this	interacVon	when	
modeling	the	far	field	driF	of	aerial	dispersant.	
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Figure	50	:	DC-4	visualizaVon	of	parVcles	in	flap-wingVp	vortex	interacVon
The	gray	iso-contours	indicate	the	presence	of	vorVces.	Streamlines	show	parVcle	tracks

5.5 SUMMARY	OF	STUDY

The	key	outcomes	of	the	exploratory	CFD	evaluaVon	of	the	AGDISP	modeling	system	for	use	in	
offshore	spill	response	are	summarized	as	follows:	

● Air	Tractor	AT-802A:	For	the	purposes	of 	offshore	spill 	 response, 	the 	AT-802A	 is 	 the	only	
aircraF	well 	 represented	by	AGDISP	in	that	no	significant	modificaVons	to	the	results	are	
required.

● Lockheed	C-130A:	It	has	been	idenVfied	that,	due	to	the	wake	generated	by	the	shape	of	the	
fuselage	in	the	vicinity	of	the	rear	cargo	door,	the	results	from	AGDISP	are	not	representaVve	
in	the	near	field,	in	that	the	fuselage	wake	delays	the	deposiVon	of	the	spray.	However,	in	the	
far	field,	AGDISP	predicts	a	lower	deposiVon	rate	compared	to	the	CFD	model,	and	as	such	
AGDISP	results	may	be	modified	in	order	to	conservaVvely	esVmate	the	extent	of	spray	driF.

● Douglas	DC-3:	Due	to	the	presence	of	significant	flap	vorVces,	the	spray	boom	extending	
sufficiently	along	the	wing	semi-span	to	 inject	parVcles	 into	the	wingVp	vorVces,	and	the	
subsequent 	downstream	 interacVon 	of 	 the 	flap 	and 	wingVp 	vorVces, 	 the 	DC-3 	 is 	poorly	
represented 	by 	 AGDISP, 	 and 	 an 	 alternaVve 	 approach 	 is 	 required 	 to 	 determine 	 the 	 driF	
impacted	area.

● Douglas	DC-4:	Due	to	the	unique	arrangement	of	the	spray	boom	on	the	DC-4	above	the	
trailing	edge	of	the	wing,	AGDISP	cannot	model	the	influence	of	the	wake	on	the	spray,	and	
an	alternaVve	approach	is	required	to	determine	the	driF	impacted	area.	While	the	presence	
of	flap	vorVces	also	appears	to	influence	the	DC-4	spray,	the	closer	proximity	of	the	flaps	to	
the	wing	Vps	causes	the	two	vorVces	to	merge	earlier	than	those	generated	by	the	DC-3,	
reducing	the	influence	of	the	flap	vorVces.
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6 EXTENSION	OF	CFD	RESULTS	FOR	DC-3	AND	DC-4

A	key	finding	of	the	exploratory	CFD	study	was	that	the	exisVng	regulatory	models	were	not	suitable	
for	predicVng	the	maximum	driF	extent	for	the	Douglas	DC-3	and	DC-4	airframes.	A	methodology	
was	developed	by	which	the	CFD	results	were	extended	in	order	to	allow	the	predicVon	of	spray	
driF 	extent. 	The	methodology	used	to 	model 	the 	DC-3	and 	DC-4	 is 	described	by	the	 following	
algorithm:

1. Using	CFD	results	idenVfy	a	distance	behind	the	aircraF	where	the	vorVcal	structures	have	
largely	stabilized	and	formed	clear,	disVnct	vorVces.

2. At	this	distance,	extract	from	the	CFD	the	following	data	on	a	plane	perpendicular	to	the	
aircraF’s	direcVon	of	travel,	through	the	aircraF	wake:

2.i. The	posiVon,	strength	and	size	of	the	wake	vorVces;	and

2.ii. The	sizes	and	posiVons	of	the	dispersant	spray	parVcles	remaining	aloF	at	the	extracVon	
plane.

3. Use	an	inviscid	vortex	transport	and	a	Lagrangian	parVcle	modeling	approach	to	calculate	the	
distance	at	which	99	%	of	the	parVcle	mass	has	touched	down.	

Inviscid	vortex	transport	modeling	is	a	well	established	methodology	in	the	literature,	and	forms	the	
foundaVon	of	AGDISP.	Employing	this	technique,	the	CFD	modeling	results	were	extended	beyond	
the	iniVal	model	domain	by	characterizing	the	aircraF	wake	vorVces	for	the	DC-3	and	DC-4	to	allow	
their	input	into	the	vortex	model.	An	example	of	the	extracted	vorVces	is	included	for	the	C-130A	
model	in	Figure	51.	This	data,	combined	with	the	extracted	locaVons	of	the	parVcles	which	remain	
aloF	was	used	to	model	how	the	vorVces	and	wind	transport	the	parVcles	by	using	a	Lagrangian	
parVcle	modeling	approach.	

(a) (b)

Figure	51	:	Wake	vorVces	extracted	from	the	C-130A	CFD	model	at	(a)	650	F	and	(b)	5,000	F
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6.1 DEMONSTRATION	OF	ACCURACY

The	CFD	modeling	explicitly	provides	calculated	values	for	the	vortex	strength	and	posiVon	in	the	
wake	of	the	aircraF.	As	stated	previously	 in 	SecVon 	4.1.1.2, 	this	explicit 	modeling	 is 	considered	
accurate 	 in 	 the 	 first 	 4,000	F 	behind 	 the 	 aircraF. 	 The 	 primary 	 source 	 of 	 AGDISP’s 	 inability 	 to	
accurately	model	the	driF	of	dispersant	sprayed	by	the	DC-3	is	its	limited	characterizaVon	of	the	
vorVces	generated	by	the	aircraF,	parVcularly	the	flap	vorVces.	While	the	DC-4	configuraVon	cannot	
be	modeled	by	AGDISP,	it	would	be	expected	to	be	similarly	affected	by	flap	vorVces.	

As 	 shown	 in 	Figure 	52, 	 it 	was 	 idenVfied 	 that 	 the 	 Lagrangian 	parVcle 	modeling 	calculaVon 	can	
produce	results	consistent	with	both	CFD	model	and	AGDISP	for	the	AT-802A,	which	was	found	to	be	
well	represented	by	AGDISP.	Furthermore,	for	the	C-130A,	it	was	idenVfied	that	an	inviscid	vortex	
transport	extension	model	allowed	a	beWer	representaVon	of	the	influence	of	the	wake	vorVces	and	
agreed	beWer	with	the	CFD	results.

As 	 shown 	 in 	Figure 	53, 	applying 	 the 	vortex 	 transport 	extension 	methodology 	 to 	 the 	DC-3 	has	
idenVfied	that 	 the 	vortex 	 transport 	approach 	provides 	a 	more	consistent 	 representaVon	of 	 the	
parVcle	deposiVon	than	the	Gaussian	extension	model.	This	approach	is	also	able	to	capture	the	
influence	of	the	flap	vorVces	on	the	parVcle	deposiVon	idenVfied	by	the	CFD	results,	thereby	beWer	
represenVng	the	behavior	of	the	parVcles.	

(a)	Air	Tractor	AT-802A (b)	Lockheed	C-130A

Figure	52	:	Comparison	of	the	use	of	Lagrangian	parVcle	calculaVon	with	CFD	and	AGDISP	results
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Figure	53	:	Comparison	of	the	Gaussian	and	Lagrangian	parVcle	calculaVon	CFD	result	extension	
approaches	for	the	DC-3

6.2 DC-3	RESULTS	-	NEAR	FIELD	CHARACTERIZATION

The	vortex	characterisVcs	and	parVcle	posiVons	were	extracted	at	a	number	of	locaVons	behind	the	
aircraF. 	Figure	54	shows	the	parVcle	posiVons	extracted	4900	F	behind	the	DC-3,	at	this	distance	
the	flow	has	developed	into	a	two	vortex	system	with	a	significant	proporVon	of	the	parVcle	mass	
entrained	in	the	vorVces.
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Figure	54	:	DC-3	visualizaVon	of	parVcles	entrained	in	wake	vorVces

Table	25	shows	the	vortex	characterisVc	data	extracted	from	a	selecVon	of	the	CFD	simulaVons.	The	
vortex	characterisVcs	were	calculated	in	the	following	way:

1. Vortex	posiVon	–	Was	determined	by	finding	the	local	peak	in	vorVcity.

2. Vortex 	 characterisVc 	 radius 	 – 	Was 	 calculated 	 by 	 assuming 	 that 	 the 	 vorVces 	 could 	 be	
approximated	as	a	theoreVcal	Batchelor	vortex	core	(del	Pino,	Parras,	Felli,	&	Fernandez-Feria,	
2011).	 The	vortex	characterisVc	radius	was	found	by	finding	the	distance	from	the	vortex	
centre	such	that	the	average	vorVcity	was	reduced	by	a	factor	of	1/e	(where	e	is	the	base	of	
the	natural	logarithm).	

3. Vortex	Strength	(Γ)	–	Was	calculated	by	assuming	that	the	vorVces	could	be	approximated	as	
a	theoreVcal	Batchelor	vortex	core	and	calculaVng	the	vortex	strength	by	subsVtuVon	of	the	
vortex	characterisVc	radius	into	EquaVon	12.

3=
,

*1 rc
2+
e
*
−r2

r c
2 +

EquaVon	12

Where	ω	is	the	axial	vorVcity,	Γ	is	the	circulaVon	strength,	rc	is	the	characterisVc	radius,	and	r	is	the	
radial	distance.

Given	the	large	amount	of	data	associated	with	the	parVcle	mass	distribuVon	(due	to	the	large	
number	of	parcels	simulated)	a	full	summary	of	the	results	for	each	CFD	case	has	not	been	reported.

Although	strictly	beyond	the	typical	maximum	wind	speeds	for	spray	operaVons,	wind	speeds	of	up	
to	40	knots	were	considered	 in	the	CFD	modeling	to	explore	spray	driF	behavior	at 	the	upper	
operaVonal	limit	and	in	support	of	data	generaVon	for	the	Decision	Support	Tool	(DST).	GeneraVon	
of	extent	data	beyond	the	35	knot	wind	speeds	ensured	that	no	extrapolaVon	was	required	for	
extent	predicVon.	RestricVon	on	allowable	input	parameters	is	considered	as	part	of	the	DST	design.
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Table	25:	DC-3	Vortex	Results	For	The	Near	Field	CharacterizaVon	Study	At	4900	Ft

Case Wind	
Speed	
(kn)

Wind	
Angle	
(°)

Vortex	1 Vortex	2

Y	(F) Z	(F) Γ	
(F2/s)

Radius	
(F)

Y	(F) Z	(F) Γ	
(F2/s)

Radius	
(F)

1 0 0 -31 66 -1750 0 39 72 2004 12

2 10 0 -32 65 -1811 13 39 71 1820 12

3 10 30 -27 67 -1646 12 42 70 1826 12

4 10 60 -23 69 -1476 12 46 70 1799 12

5 10 90 -21 72 -1303 12 47 71 1760 13

6 35 0 -19 86 -1098 13 57 71 1926 15

7 40 30 -18 78 -1486 14 53 70 2062 15

8 23 60 -34 64 -2064 14 38 69 2186 14

9 20 90 -23 70 -1976 15 49 69 2418 15

6.3 DC-4	RESULTS	-	NEAR	FIELD	CHARACTERIZATION

Table	26	shows	the	vortex	characterisVc	data	extracted	from	a	selecVon	of	the	CFD	simulaVons	for	
the	DC-4.	The	same	methodology	was	applied	to	extract	the	vortex	characterisVcs	as	described	in	
SecVon	6.2.	

Table	26:	DC-4	Vortex	Results	For	The	Near	Field	CharacterizaVon	Study	At	4900	Ft

Case Wind	
Speed	
(kn)

Wind	
Angle	
(°)

Vortex	1 Vortex	2

Y	(F) Z	(F) Γ	
(F2/s)

Radius	
(F)

Y	(F) Z	(F) Γ	
(F2/s)

Radius	
(F)

10 0 0 -44 51 -4456 14 45 51 4449 14

11 10 0 -41 57 -3700 14 43 56 3638 14

12 10 30 -35 57 -3665 14 48 53 3797 14

13 10 60 -34 61 -3659 14 54 51 3893 14

14 10 90 -33 63 -3726 14 59 49 3997 15

15 35 0 -26 70 -3628 15 73 51 4472 17

16 40 30 -27 69 -3397 14 65 53 4055 16

17 23 60 -37 61 -3320 14 37 60 3401 14

18 20 90 -28 69 -3126 14 53 58 3572 15
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7 AGDISP	RESULTS

AGDISP	and	CFD	predicVons	of	the	maximum	extent	of	spray	driF	have	been	compared	in	SecVon	5.	
Based	on	this	comparison	it	was	shown	that	AGDISP	provides	a	comparable	or	conservaVve	soluVon	
compared	to	that	of	the	higher	fidelity	CFD	model	for	most	cases	for	two	of	the	four	modeled	
aircraF.	In	light	of	this	finding,	it	was	advantageous	to	use	results	from	AGDISP	in	the	DST.	

When	comparing	the	results	from	AGDISP	and	the	CFD	models,	care	was	taken	to	match	the	inputs	
across	the	two	models.	When	using	AGDISP	to	develop	data	for	the	DST	the	model	was	configured	
to	give	both	reasonable	and	conservaVve	predicVons	of	the	maximum	extent.	With	this	in	mind,	the	
following	sensiVvity	studies	were	undertaken:

● SensiVvity	to	different	input	parameters.

● Non	crosswind	cases.

RepresentaVve	results	for	each	of	these	studies	are	presented	below.

7.1 AGDISP	INPUT	PARAMETER	SENSITIVITY	STUDY

A	series	of	parameters	were	tested	within	AGDISP	to	determine	the	sensiVvity	of	the	program	to	
aircraF 	 weight, 	 speed, 	 propeller 	 specificaVons, 	 drag 	 coefficients, 	 vortex 	 decay 	 rates 	 and	
environmental	parameters	(temperature	and	humidity).	

To 	 test 	 the 	 sensiVvity 	of 	AGDISP 	 to 	 input 	parameters 	 the 	default 	 spraying 	parameters 	 for 	 the	
AT-802A	flying	at 	16	F	with	a	crosswind	of	20	kn	were	used.	SensiVvity	cases	were	created	by	
altering	variables	to	reflect	those	tested	in	the	CFD	simulaVons.	Table	27	summarizes	the	results	of	
the	sensiVvity	study	in	terms	of	the	distance	perpendicular	to	the	aircraF	track	to	99	%	of	the	mass	
being	deposited.
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Table	27:	AGDISP	SensiVvity	Study	Summary	–	Maximum	Perpendicular	Extent

Variable	Tested Base	Value SensiVvity	
Value

Distance	
(F)

Difference	
(%)

Base	Case - - 950 -

Vortex	Decay	Rate
OGE1	=	0.49	f/s	
and	IGE2	=	
1.84	F/s

OGE1	=	0.98	F/s	
and	IGE2	=	
3.67	F/s

814 -14

AircraF	Weight 11,160	lb 17,926	lb 906 -5

AircraF	speed 126	kn 151	kn 932 -2

Drag	Coefficient 0.1 0.05 925 -3

AircraF	Weight	and	
Speed

11,160	lb 17,926	lb
920 -3

126	kn 151	kn

Propeller	
SpecificaVons

RPM	=	1500 RPM	=	1700

950 0Radius	=	4.79	F Radius	=	4.95	F

Efficiency	=	80% Efficiency	=	72%

Humidity 50.00%
5.00%

950 0
10.00%

Temperature 65	°F 59	°F 950 0

Notes:	
1. Vortex	decay	rate	Out	of	Ground	Effect	(i.e.	at	alVtude).
2. Vortex	decay	rate	In	Ground	Effect	(i.e.	close	to	the	ground).

These	results	indicate	that	vortex	decay	rate	has	the	greatest	impact	on	predicted	maximum	extent.	
Figure	55	shows	the	sensiVvity	cases	involving	the	aircraF	weight	and	vortex	decay	rates.	It	can	be	
seen	in	Figure	55	that	the	increased	vortex	decay	rate	results	in	a	decrease	of	the	maximum	extent	
for	the	99%	of	the	parVcles	by	mass	threshold.
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Figure	55	:	AGDISP	results	for	propeller,	drag	coefficient	and	vortex	decay	sensiVvity

The	effects	of	the	environmental	parameters	(temperature	and	humidity)	appear	to	have	no	impact	
on	the	results.	It	is	noted	that	these	parameters	relate	more	to	the	evaporaVon	model	not	used	in	
this	assessment.

Similar	studies	were	conducted	for	the	remaining	airframes.	The	maximum	extent	of	the	parVcle	
deposiVon	was	found	to	be	affected	inconsistently	by	the	inputs	of	weight,	velocity	and	thrust	(via	
drag	coefficient	and	propeller	representaVon).	The	primary	effect	of	changing	these	inputs	is	their	
impact	on	the	strength	of	the	modeled	wingVp	vorVces.	The	inconsistency	across	the	airframes	is	
likely	due	to	differences	in	spray	boom	and	injector	locaVon	with	respect	to	the	vorVces	generated	
by	the	wings.

In	summary,	to	configure	AGDISP	to	produce	the	most	appropriately	conservaVve	soluVon	for	the	
DST	the	following	seXngs	were	used:

● Vortex	Decay	Rate	–	Set	to	minimum	values,

● AircraF	Weight	–	Set	to	representaVve	weight,

● Drag	Coefficient	–	Default	value	used,

● Propeller	details	–	Default	value	used,

● Temperature	and	Humidity	–	Default	values	used.
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7.2 NON	CROSSWIND	CASES	IN	AGDISP

AGDISP	was	developed	to	predict	the	downwind	driF	of	aerially	dispersed	spray.	As	a	result	of	this,	
the	user	is	limited	to	modeling	wind	angles	relaVve	to	the	direcVon	of	travel	(θwind)	between	60	°	and	
120	°	degrees	as	described	in	Figure	56.	When	developing	data	for	the	DST,	a	larger	range	of	wind	
angles	must	be	considered.	As	such,	a	study	was	undertaken	to	invesVgate	the	impact	of	wind	angle	
on	the	AGDISP	predicVon	to	understand	the	relaVonship	between	wind	angle	and	maximum	extent.

Figure	56	:	Downwind	axis	definiVon

To	assess	the	effect	of	wind	angle	a	study	was	conducted	using	the	AT-802A.	It	should	be	noted	that	
the	boom	locaVon	and	size	of	the	AT-802A	make	it	 least	likely	to	be	affected	by	wing-Vp	vortex	
interacVons	and	consequently	the	results	of	this	study	should	only	be	applied	to	airframes	without	a	
significant	degree	of	interacVon	between	the	dispersant	and	the	Vp	vorVces.

A	study	was	conducted	in	which	the	trajectories	of	1000	μm	parVcles	were	analyzed	and	deposiVon	
distance	extracted		for	five	wind	angles	(60°,	75°,	90°,	105°	and	120°).	
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Figure	57	:	ParVcle	trajectories	for	various	wind	angles.

Figure	57	Shows	that	the	trajectory	length	is	symmetric	about	the	90°	crosswind	case,	with	similar	
angles	relaVve	to	90°	(e.g	75°	and	105°)	producing	a	total	trajectory	of	the	same	length.	The	overall	
(or	resultant)	length	of	each	trajectory	is	given	in	Table	28.	Since	not	all	parVcles	reach	the	ground	in	
this	analysis	only	the	heavier	parVcles	are	included	in	the	resultant	length.

Table	28:	Resultant	Length	Of	Each	Trajectory	(Heavier	ParVcles	Only)

Θwind

(RelaVve	to	AircraF	Track)
Resultant	DriF	Extent

(F)

60° 480.6

75° 502.3

90° 510.2

105° 496.4

120° 470.1
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The	values	in 	Table	28	 show	that	the	resulVng	lengths	from	the	varying	wind	direcVons	are	very	
similar	 in	magnitude	for	symmetric 	angles. 	The	discrepancy	between	symmetric	angles	(such	as	
502.3	F	for	75°	and	496.4	F	for	105°)	is	likely	due	to	the	relaVve	velocity	between	the	released	spray	
and	the	wind	causing	a	change	in	the	drag	force	experienced	by	the	parVcle. 

The 	 fracVon 	 of 	 parVcles 	 aloF 	 in 	 AGDISP 	 is 	 output 	 in 	 the 	 “downwind 	 direcVon” 	 which 	 acts	
perpendicular	to	the	aircraF	track.	The	fracVon	aloF	in	this	direcVon	is	ploWed	for	three	wind	angles	
and	an	ASAE	medium	to	coarse	parVcle	size	distribuVon	in 	Figure	58.	ExtracVng	the	distance	to	a	
specific	 level	of	fracVon	aloF	(see 	Table	29), 	 it 	can	be	seen	that	the	fracVon	aloF	at	a	non	90°	
crosswind	angle	can	be	related	to	the	crosswind	case	using	a	simple	cosine	relaVonship	for	the	0.8	
fracVon	aloF	case.	For	smaller	fracVons	aloF	the	cosine	relaVonship	is	not	as	strong,	this	is	likely	due	
to	the	lighter	parVcles	being	deposited	at	these	distances,	as	lighter	parVcles	are	more	likely	to	be	
affected	by	the	wingVp	vorVces.	At	the	maximum	extent	(99	%	deposited	or	1	%	fracVon	aloF)	the	
difference	between	the	AGDISP	result	and	that	obtained	using	a	cosine	relaVonship	is	only	8	%.	

The	results	presented	in	Figure	57,	Figure	58	and	Table	29	indicate	that	for	the	AT-802A	with	a	large	
proporVon 	of 	 coarse 	 parVcles, 	 the 	wind 	 angle 	 does 	 not 	 significantly 	 affect 	 the 	 total 	 distance	
travelled	by	spray	driF. 	To 	determine	the 	maximum	driF	extents 	resolved	 in 	the 	spanwise 	and	
trackwise 	 direcVons 	 for 	wind 	 angles 	 not 	 equal 	 to 	 90° 	 (crosswind 	 cases) 	 the 	maximum	extent	
predicted	in	the	crosswind	(90°)	case	is	extracted	and	applied	at	an	angle	inline	with	the	wind	with	
an	appropriate	safety	factor	applied.

Figure	58	:		FracVon	aloF	as	a	funcVon	of	wind	angle
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Table	29:		Distance	To	FracVon	AloF	Threshold	For	Different	Wind	Angles

FracVon	AloF

Θwind	=	60	°
(intermediate	
headwind)

(F)

Θwind	=	90	°	
(extreme	
crosswind)

(F)

Θwind	=	120	°	
(intermediate	
tailwind)

(F)

Raw	Output

80% 1,368 1,578 1,368

50% 2,215 2,526 2,215

20% 4,242 4,688 4,229

1% 11,289 12,034 11,201

Distance	/	
cos(θwind)

80% 1,581 1,578 1,581

50% 2,556 2,530 2,556

20% 4,898 4,688 4,882

1% 13,035 12,034 12,933
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8 SUMMARY

The	findings	from	the	CFD	modeling	acVviVes	are	summarized	as	follows:

1. The	CFD	models	have	been	constructed	so	as	to	accurately	model	the	dispersant	spray	driF	in	
the	near	field	region	close	to	the	aircraF.

2. QualitaVve	validaVon	of	the	results	shows	that	the	CFD	models	are	capturing	the	significant	
flow	structures	affecVng	the	dispersant	trajectories.

3. The	flap	vorVces	and	fuselage	wake	were	found	to	have	a	significant	effect	on	the	dispersant	
spray	driF	for	the	C-130A,	DC-3	and	DC-4.	These	effects	are	widely	acknowledged	features	of	
the	wake	generated	by	aircraF,	but	have	not	previously	been	studied	with	regard	to	their	
effect	on	dispersant	spray	driF.

4. Appropriate	methodologies	for	predicVng	the	extent	of	spray	driF	were	idenVfied	for	each	of	
the	four	aircraF	under	consideraVon,	as	follows:

4.i. Air 	 Tractor 	 AT-802A: 	 This 	 aircraF 	 is 	 well 	 represented 	 by 	 AGDISP 	 and 	 no 	 significant	
modificaVons	to	the	AGDISP	results	are	required.

4.ii. Lockheed	C-130A:	AGDISP	results	may	be	modified	in	order	to	conservaVvely	esVmate	the	
extent	of	spray	driF.

4.iii. Douglas	DC-3:	A	Lagrangian	parVcle	calculaVon	was	used	to	extend	the	CFD	results	and	
predict	the	far	field	spray	driF	extent.

4.iv. Douglas	DC-4:	A	Lagrangian	parVcle	calculaVon	was	used	to	extend	the	CFD	results	and	
predict	the	far	field	spray	driF	extent.

5. The	Lagrangian	parVcle	calculaVon	used	to	extend	the	CFD	results	for	the	DC-3	and	DC-4	
provides	a	representaVon	of	the	spray	driF	in	the	far	field	which	is	consistent	with	the	results	
obtained	by	the	CFD	models	and	AGDISP.	

6. The 	Lagrangian 	parVcle 	 calculaVon 	models 	 the 	 spray 	driF 	much 	more 	accurately 	 than 	a	
Gaussian 	 extension 	model, 	 by 	 capturing 	 the 	 influence 	of 	 the 	flap 	 vorVces 	 on 	 the 	 spray	
behavior.

7. In	terms	of	the	maximum	extent	of	parVcle	driF	(which	is	predominantly	in	the	crosswind	
direcVon), 	 the 	amount 	of 	propeller 	 thrust 	does 	not 	affect 	 the 	 soluVon 	within 	 the 	50 	F	
accuracy	with	which	results	will	be	reported.

8. The	wind	angle	does	not	significantly	affect	the	total	distance	travelled	by	spray	driF.	As	such,	
wind	direcVons	other	than	crosswinds	can	be	modeled	using	the	results	obtained	by	AGDISP.

9. A	set	of	AGDISP	input	parameters	was	developed	which	provides	appropriately	conservaVve	
esVmates	of	spray	driF	for	the	C-130A	and	the	AT-802A.
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1 INTRODUCTION

1.1 OVERALL!PROJECT!BACKGROUND

Aerial!applicaSon!of!dispersants!is!an!important!tool!used!to!respond!to!oil!spills!both!in!coastal!
waters,!and!in!the!deeper!waters!of!the!Outer!ConSnental!Shelf.!

A!number!of!tools!currently!exist!for!aerial!dispersant!planning,!such!as!the!pesScide!spray!tool!
AgDRIFT.!These!tools!have!previously!been!used!in!Oil!Spill!Response!OperaSons,!however!they!were!
not!developed!for!such!use!in!scenarios.!

There ! is !a !need ! to ! improve !upon !the !exisSng ! tools ! (such !as !AgDRIFT) !and!apply ! them!to ! the!
equipment!and!missions!used!for!oil!spill!dispersant!spraying!missions;!rather!than!the!agricultural!
equipment!and!missions!that!AgDRIFT!was!developed!for.!The!key!differences!between!applicaSon!
include!height,!scale!and!aircraD!used.

AMOG!has!been!contracted!by!the!Bureau!of!Safety!and!Environmental!Enforcement!(BSEE)!under!
Contract!Number!E15PC00015!to!develop!a!decision!support!soDware!tool,!to!assist!planners!to!
idenSfy!operability!windows!and!exclusion!zones!based!on!forecast!meteorological!condiSons,!spray!
paTern,!aircraD!types!and!release!rates.

As!part!of!the!development!of!the!rapid!response!tool!AMOG!will!develop!numerical!ComputaSonal!
Fluid !Dynamic ! (CFD) !models ! of ! representaSve !oil ! spill ! response ! aircraD. ! The !CFD !models !will!
facilitate!examinaSon!of!the!effects!of!the!combinaSon!of!environmental!condiSons!likely!to!be!
experienced!by!the!aircraD!coupled!with!the!specific!configuraSon!of!the!aircraD/dispersal!system!
geometry!(such!as!nozzle!configuraSons).!This!will!then!be!used!to!evaluate!the!exisSng!inventory!of!
dispersion!models!in!order!to!determine!their!suitability!for!use!in!a!decision!support!tool.

Parameters!that!the!tool!will!seek!to!incorporate!include:

● An!inventory!of!aircraD!likely!to!be!used!in!the!response.

● The!dispersion!characterisScs!of!dispersants!(i.e.!droplet!size!distribuSon).

● The!characterisScs!of!spray!equipment!employed!such!as!the!current!Rapid!InstallaSon!and!
Deployment!Spray!Systems!(RIDSS)!for!the!C130.!

● The!forecast!weather!condiSons!to!occur!within!the!target!area.

The!objecSve!of!this!package!of!work!is!the!producSon!of!a!decision!support!soDware!tool!which!is!
capable!of!achieving!the!following!funcSon:

1. Determining!the!maximum!extent!of!dispersant!driD!based!on!environmental!condiSons!at!
the!site.!As!a!minimum,!to!protect!the!safety!of!workers!on!response!vessels!in!the!field!and!
sea!animals!in!the!area,!the!tool!needs!to!be!capable!of!providing!input!into!the!decision!for!
establishing!the!minimum!safe!distance!from!the!aerial!dispersant!operaSons!an!exclusion!
zone!would!need!to!enforced.!
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DST!SpecificaEon!and!Requirements!Development!Note 2

1.2 DOCUMENT!SCOPE

This!specificaSon!document!covers!the!aerial!dispersant!spray!Decision!Support!Tool!(DST)!to!be!
developed!by!AMOG!for!BSEE!under!Contract!Number!E15PC00015.

The!requirements!in!this!document!fall!broadly!into!two!categories:

● For!planning!purposes:!aircraD!spray!dispersant!operability!limits.!These!define!the!condiSons!
in!which!it!is!either:

○ safe!to!conduct!spraying!missions;!or

○ effecSve!to!conduct!spraying!missions.

● Response!Management!Team's!requirements!for!a!decision!support!tool.!These!define!the!
requirements!of!personnel!managing!oil!spill!response,!with!parScular!regard!to:

○ defining!requirements!such!as!expected!soluSon!Sme;

○ required!input!data!formats;!and

○ prioriSzing!requirements!and/or!features.
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DST!SpecificaEon!and!Requirements!Development!Note 3

2 USER!PROFILES

The!Decision!Support!Tool!(DST)!is!envisaged!to!be!employed!by!a!set!of!users!who!will!parScipate!in!
the!response!to!oil!spill!emergencies!under!the!NaSonal!Incident!Management!System!(NIMS).!In!
parScular,!two!specific!types!of!users!have!been!idenSfied!as!having!the!potenSal!requirement!for!
the!DST!during!a!Tier!II!or!Tier!III!response.!Furthermore,!there!is!a!potenSal!for!OSROs!to!use!the!
tool!to!plan!their!iniSal!Tier!I!response.!These!users!are:

● OperaSons!SecSon!Personnel!(under!NIMS!framework)!such!as!Air!OperaSons!for!establishing!
where!spraying!may!or!may!not!occur!at!the!start!of!a!day!in!order!to!protect!onawater!assets!
and!personnel;

● Planning!SecSon!Personnel!(under!NIMS!framework)!to!evaluate!how!forecast!condiSons!will!
affect!the!ability!to!conduct!spraying!operaSons!in!the!response!area!to!provide!advice!to!the!
Federal!OnaScene!Coordinator!(OSC);!and

● Oil!Spill!Response!OrganisaSons!(OSROs)!to!assist!with!evaluaSng!their!iniSal!Tier!I!response!
to !a !spill, !prior !to ! the !response!being !escalated!to !a !Tier ! II !or !Tier ! III ! incident. ! In !these!
incidents,!the!OSRO!may!require!both!operaSonal!and!planning!support!capabiliSes.

2.1 OPERATIONS!SECTION!PERSONNEL!(TIER!II!AND!III!EVENTS)

The!OperaSons!SecSon!under!the !NIMS!framework!provides !the !tacScal !command!of !available!
resources!during!the!event.!Falling!within!the!OperaSons!SecSon!will!typically!be!the!Air!OperaSons!
Group! for ! the !management !of !aviaSon!resources! including !dispersant !aircraD. !Based!on!advice!
received!during!the!engagement!process,!it!was!advised!that!the!operaSons!group!needs!a!single,!
worstacase!value!to!employ!during!the!course!of!the!day!to!establish!setback!distances!for!onawater!
or!onaland!resources.!

As!such,!these!personnel!may!be!expected!to!run!the!DST!with!a!single,!worstacase!wind!speed!and!
direcSon!for!a!given!airframe!to!determine!the!maximum!likely!distance!impacted!by!driD.!On!the!
basis!of!this!informaSon,!they!may!then!decide!on!an!appropriate!exclusion!zone!for!vessels,!or!
setback!distance!for!spray!operaSons.!

2.2 PLANNING!SECTION!PERSONNEL!(TIER!II!AND!TIER!III!EVENTS)

The!Planning!SecSon!under!the!NIMS!framework!is!responsible!for!the!collecSon,!evaluaSon!and!
disseminaSon !of ! tacScal ! informaSon ! about ! the ! incident, ! including ! the ! current ! and ! forecasted!
situaSon.!As!such,!the!planning!secSon!may!be!interested!in!understanding!whether!the!forecast!
condiSons!for!the!next!24!or!48!hours!will!be!conducive!to!dispersant!spray!operaSons,!and!for!what!
period.!

As!such,!these!personnel!may!be!expected!to!run!the!DST!with!forecast!meteorological !data!to!
idenSfy!operability!windows.!The!tool!would!incorporate!operability!limits!based!on!advice!received!
from!OSROs!or!other!relevant!organisaSons!in!order!to!idenSfy!these!windows.!This!may!assist!with!
understanding!the!number!of!aircraD!capable!of!operaSng!effecSvely!in!the!forecast!condiSons,!and!
assist!with!planning!acSviSes!for!the!following!day!and!provide!advice!to!the!OSC!and!OperaSons!
SecSon.
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DST!SpecificaEon!and!Requirements!Development!Note 4

2.3 OIL!SPILL!RESPONSE!ORGANISATIONS

During!a!Tier!I!response,!where!the!incident!is!sSll!under!local!control,!a!Tier!I!cerSfied!OSRO!will!
provide ! the ! iniSal ! response, ! including ! the !planning !and !execuSon. ! In ! this ! instance, ! the !Tier ! I!
responder!conducts!the!OperaSons!and!Planning!capability!which!a!larger!Tier!II!or!Tier!III!response!
may!require!under!NIMS.

As!such,!these!OSROs!may!be!expected!to!operate!a!DST!in!both!contexts,!both!with!a!single!worsta
case!meteorological !condiSon!to!establish!a!setback!distance!for!spraying!operaSons,!as!well !as!
operaSng!with!forecast!meteorological!data!and!either!forecast!or!preaprepared!oil!spill!trajectories!
to!allow!the!idenSficaSon!of!windows!of!opportunity!to!conduct!spray!operaSons.
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DST!SpecificaEon!and!Requirements!Development!Note 5

3 FUNCTIONAL!DESCRIPTION

3.1 COMPUTATIONAL!MODES!OF!THE!DST

Depending!on!the!user!of!the!DST!program!and!intended!data!required!there!will!be!two!modes!
which!the!DST!program!can!be!run!in.!These!two!modes!are!detailed!in!the!subsecSons!below.

3.1.1 OperaNonal!Mode

The!operaSonal!mode!of!the!DST!will!facilitate!the!decisions!required!to!be!made!by!the!operaSonal!
personnel!in!conducSng!Tier!I!to!Tier!III!responses.!The!purpose!of!this!mode!will!be!to!allow!the!
input!of!a!single,!worstacase!wind!speed!and!direcSon!likely!to!occur!over!the!course!of!a!day!in!
order!to!provide!input!into!establishing!setback!distances.!

3.1.1.1 Intended!Users!For!This!Mode

The!following!users!are!envisaged!as!having!a!need!for!this!mode:

● OSROs!(Tier!I);!and

● OperaSons!SecSon!Personnel!(Tier!II!and!Tier!III).

3.1.1.2 Intended!Inputs!For!This!Mode

● SelecSon!of!an!aircraD!that!will!conduct!spray!operaSons;

● A!single,!Smeainvariant!wind!speed;!and

● A!single!Smeainvariant!wind!direcSon.

3.1.1.3 Intended!Output!For!This!Mode

● Advice!on!the!likely!maximum!extent!of!driD!transverse!to!the!direcSon!of!spraying!as!a!single!
number!(no!graphical!output).

3.1.2 Planning!Mode

The!planning!mode!of!the!DST!will!facilitate!the!idenSficaSon!of!suitable!spraying!windows!for!the!
purposes!of!assisSng!with!making!planning!decisions!on!the!basis!of!forecast!data.!The!purpose!of!
this!mode!will!be!to!allow!the!input!of!forecast,!Smeavarying!data!to!facilitate!the!idenSficaSon!of!
windows!conducive!to!spraying!operaSons!(operability!windows).

3.1.2.1 Intended!Users!For!This!Mode

The!following!users!are!envisaged!as!having!a!need!for!this!mode:

● OSROs!(Tier!I);!and
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DST!SpecificaEon!and!Requirements!Development!Note 6

● Planning!SecSon!Personnel!(Tier!II!and!Tier!III).

3.1.2.2 Intended!Inputs!For!This!Mode

● SelecSon!of!an!aircraD!that!will!conduct!spray!operaSons;

● Forecast!meteorological!data!over!the!intended!run!period!as!either:

○ singleavalue!Sme!series!of!wind!speed!and!direcSon;!or

○ gridded,!Sme!series!of!wind!speed!and!direcSon!over!the!area.

● Forecast!oil!spill!trajectory!data!or!projecSons!of!locaSon!of!oil!over!the!intended!run!period.

● The!definiSon!of!an!area!where!spraying!is!acceptable.

3.1.2.3 Intended!Output!For!This!Mode

● A!map!layer!indicaSng!the!intersecSon!of!the!forecast!oil!spill!impacted!area,!and!the!area!
predicted!to!be!impacted!by!driD.

● A! list !of ! conSguous !windows !during !daylight !hours !where !meteorological ! condiSons !are!
conducive!to!spraying.
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DST!SpecificaEon!and!Requirements!Development!Note 7

4 REQUIREMENTS

4.1 GENERAL

This!secSon!defines!the!requirements!design!set!for!the!DST.

4.2 PERFORMANCE

4.2.1 FuncNonal!Mode

The!program!will !be!capable!of!esSmaSng!the!area!impacted!by!driD!caused!by!meteorological!
condiSons!using!either:

I. OperaSonal!Mode:!use!of!a!single!Smeainvariant,!wind!speed!and!direcSon!to!provide!input!
into!the!establishment!of!setback!distances;!or

II. Planning ! Mode: ! use ! of ! gridded, ! Smeavarying ! meteorological ! data ! to ! assist ! with ! the!
idenSficaSon!of!windows!conducive!to!spraying!operaSons.

4.2.2 SoluNon!Time

The!soluSon!Sme!for!the !DST! shall!be!within!5!minutes!per!airframe!configuraSon!for!the!single!
wind!speed!and!direcSon!condiSon!(operaSonal!mode).!

The!soluSon!Sme!for!the !DST! should!be!within!15!minutes!per!airframe!configuraSon!(planning!
mode).!

4.2.3 PredicNon!Of!Extent!Of!Dispersant!Dri@

The!predicSon!of!extent!of!dispersant!driD!distance!at!the!sea!surface!shall!be!set!from!the!99th!
percenSle!horizontal!spread!of!the!dispersant!parSculates!from!the!aircraD!flight!path.!This!distance!
shall!be!rounded!up!to!the!nearest!50!D.!

The!DST!development!should!include!the!possibility!of!a!concentraSon!gradient!output.!Note:!This!is !
a!preference!that!was!raised!at!the!Working!Group!MeeEng;!whether! is ! it ! included!in!the!final !
program!will!depending!on!its!feasibility!with!the!CFD!technique!implemented.

4.2.4 Number!Of!Airframes!

The!DST!shall!be!able!to!predict!dispersant!driD!from!4!airframes.!The!DST!shall!be!able!to!predict!
dispersant!driD!from!the!following!airframes:

● Air!Tractor!ATa802;

● Lockheed!Ca130!A!Hercules;

● Douglas!DCa4;!and
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DST!SpecificaEon!and!Requirements!Development!Note 8

● Douglas!DCa3.

The!specific!configuraSon!of!each!airframe!will!be!included!as!a!data!sheet!accessible!from!within!
the!tool.

4.2.5 Aircra@!Fleet!ComposiNon

A!breakdown!for!the!fleet!composiSon!is!provided!below!for!the!airframes!chosen:

● Air!Tractor!ATa802.

○ Manufacturer:!Air!Tractor!Inc.

○ Type:!Single!Engine!Air!Tanker.

○ Spray!System:!Underwing!boom!system.

○ Ownership!type!(private!or!public!asset):!private.

● Lockheed!Ca130!A!Hercules.

○ Manufacturer:!Lockheed!MarSn.

○ Type:!Large!MulS!Engine!Propeller!AircraD.

○ Spray!System:!Internal!dispersant!tank,!RIDDS!System.

○ Ownership!type!(private!or!public!asset):!InternaSonal!Air!Response,!Inc.!/!MSRC!(Private).

● Douglas!DCa4.

○ Manufacturer:!Douglas!AircraD!Company.

○ Type:!Fouraengine!(piston)!propelleradriven!airliner.

○ Spray!System:!4!spray!tanks!installed,!equipped!with!spray!pump.!

○ Ownership!type!(private!or!public!asset):!Airborne!Support!Inc.!(private).

● Douglas!DCa3.

○ Manufacturer:!Douglas!AircraD!Company.

○ Type:!Twin!Engine!fixed!wing!propeller!a!driven!monoplane.

○ Spray!System:!1!spray!tank!installed,!equipped!with!!spray!pump.

○ Ownership!type!(private!or!public!asset):!Airborne!Support!Inc.!(private).

4.2.6 Generic!Airframe!Performance!Envelopes

The!DST!shall!be!able!to!make!predicSons!for!dispersant!driD!for!the!airframes!listed!in!SecSon!4.2.4!
and!for!the!input!parameter!limits!listed!below.!The!specific!configuraSon!of!each!aircraD!considered!
will!be!included!in!the!model!as!a!configuraSon!sheet!accessible!from!within!the!DST.
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DST!SpecificaEon!and!Requirements!Development!Note 9

Category!1:!OperaNonal!Limits

• Maximum!head!wind!speed!a!35!knots.

• Maximum!crosswind!(up!to!90o!from!direcSon!of!travel)!speed!a!20!knots.!

• Seastate!limit!a!10D.!

• Visibility!limit!a!3nm.!

• Ceiling!limit!a!1000D.

Category!2:!Airframe!Limits

• Dispersant!pump!rate!–!3!to!7!gal!per!acre.

• Spray!nozzle!configuraSon.

• Droplet!size!–!300!to!700!um.

• ApplicaSon!ground!speed!–!120!to!180!knots,!150!knots!median.

• Dispersant!release!height!–!50D!to!100D,!75D!median.

Category !2 ! limits ! are ! airframe !specific !and !may !vary !during !operaSons, !due ! to !environmental!
influences,!in!order!to!opSmize!dispersant!spray!applicaSon.

Note:!The!CFD!model!will!not!capture!turbulent!droplet!break!up.!In!the!absence!of!advice!from!the !
operators !on!the!typical !droplet !size!distribuEon, !AMOG!will !employ!a!generic!distribuEon.!The !
droplet ! size !distribuEons !used !will !be ! the !ASAE !Medium!to !Coarse !distribuEon, !which ! includes !
droplets!in!the!size!range!for!300!to!700!microns!with!a!median!droplet!size!of!400!microns.!This!will !
include!finer!fracEons!and!coarser!fracEons!as!part!of!the!distribuEon.!

4.2.7 Simultaneous!OperaNon!Requirements

The!DST!shall!be!able!to!predict!dispersant!driD!for!one!airframe!per!simulaSon.

4.2.8 Modeling!Domain!Size

The!DST!program!shall!be!able!to!determine!dispersant!driD!for!at!least!the!length!of!the!maximum!
distance!of!a!dispersant!spray!run!for!the!airframes!listed!in!SecSon!4.2.4.!

4.2.9 Number!Of!Spray!Units

The!DST!program!shall!predict!dispersant!driD!for!a!single!spray!system!configuraSon!per!airframe.!

4.2.10 Number!Of!Dispersants

The!DST!program!shall!be!able!to!model!1!dispersant!type,!as!follows:

● Corexit!EC9500A.
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DST!SpecificaEon!and!Requirements!Development!Note 10

4.3 INTERFACE,!INTEROPERABILITY!&!COMPATIBILITY!REQUIREMENTSINPUT!DATA!
FORMAT!REQUIREMENTS

The !DST! program ! shall ! be ! able ! to ! accept ! one ! of ! the ! following ! available ! sources ! of ! wind!
environmental!informaSon!from!the!NOAA!NWS!(NaSonal!Weather!Service)!website.!Two!different!
environmental!data!sources!are!available!from!the!NOAA!NWS,!AviaSon!Weather!Center!and!the!
NWS!Marine!Forecast.!An!example!file!image!for!each!of!the!available!data!forms!is!shown!below!in!
Figures!1!and!2.!

The ! choice !of !which !data ! form ! to !be !used ! in ! the !final ! version ! of ! the !DST !program! is ! to ! be!
determined!in!a!later!development!of!this!project.

Figure!1!:!AviaSon!Weather!Center!Example!Wind!/!Temperature!Data!Form
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DST!SpecificaEon!and!Requirements!Development!Note 11

Figure!2!:!NWS!Marine!Forecast!Example!Data!Form
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DST!SpecificaEon!and!Requirements!Development!Note 12

4.3.1 Output!Data!Requirements

The!following!output!data!requirements!for!the!DST!shall!be!put!in!place:

● OperaSonal!Mode:

● A!single!limit!for!all!aircraD.

● The!output!from!the!DST!is!a!single!setback!distance!which!will !be!rounded!to!the!
nearest!50!D!based!upon!the!99th!percenSle!horizontal!spread!of!the!dispersant!from!
the !aircraD !flight !path. ! (The !DST !development ! should ! include ! the ! possibility !of ! a!
concentraSon!gradient!output.!ImplementaSon!will!depend!on!its!feasibility.

● The!dispersant!driD!distance!will!be!based!on!a!flat!sea!surface.

● Planning!Mode

● A!map!layer!indicaSng!the!intersecSon!of!the!forecast!oil!spill!impacted!area,!and!the!
area!predicted!to!be!impacted!by!driD.

● A!list!of!conSguous!windows!during!daylight!hours!where!meteorological!condiSons!
are!conducive!to!spraying.

Based!on!feedback!form!the!Working!Group!meeSng!there!will!be!no!direct!interface!requirements!
for!linking!the!outputs!from!the!DST!program!to!any!other!exisSng!aerial!dispersant!management!or!
logisScs!tools.

4.3.2 OperaNng!System!Requirements

The!DST!program!shall!be!usable!on!the!following!operaSng!systems:

● Windows!7!and!Mac!OSX!–!Mountain!Lion!and!Yosemite.

4.4 MAINTAINABILITY

4.4.1 Suitability!For!Future!Program!Development

The!program!should!be!wriTen!in!such!a!way!that!the!following!addiSonal!items!can!be!added!to!or!
modified!easily:

● Airframes.

● Rounding!to!nearest!50!D.

● Dispersant!Type.
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5 VERIFICATION

The!verificaSon!of!requirements!for!the !DST! program!shall!be!undertaken!through!two!separate!
stages. !ValidaSon !acSviSes !will !be ! reported!as !part !of ! the ! report ! contract !deliverables ! for ! the!
project.

5.1 CFD!MODELING!VALIDATION

The!type!of!validaSon!(quanStaSve!vs!qualitaSve)!will!be!based!on!the!availability!of!fieldatrial!data.!
As!a!result,!AMOG!proposes!that!the!validaSon!process!be!conducted!as!follows:

1. Where!no!fieldatrial !data !exists, !due! to!the!opaque!nature!of !the !dispersant!upon! iniSal!
release,!a!qualitaSve!assessment!of!the!spreading/dispersion!behavior!in!the!wake!of!the!
aircraD!will!be!undertaken!against!operaSonal!photographs!of!the!aircraD!as!a!minimum;!

2. Where!fieldatrial!data!exists,!AMOG!would!seek!to!conduct!a!CFD!model!as!close!to!the!fielda
trial ! condiSons ! as ! pracScable ! to ! undertake ! a ! quanStaSve ! assessment ! of ! the ! model!
predicSons.!

The!purpose!of!validaSng!the!CFD!modeling!will!be!to!allow!the!evaluaSon!of!the!other!models!such!
as!AGDISP!or!AGDRIFT!against!an!adequate!representaSon!of!the!physics!of!the!dispersant.

5.2 DST!RAPID!RESPONSE!TOOL

The !DST!rapid!response!tool!will!be!internally!verified!and!evaluated!against!results,!generated!in!
the!course!of!the!project!or!from!external!sources.!

A!verificaSon!acSvity!of!the!DST!against!the!requirements!included!in!this!specificaSon!will!also!be!
conducted!to!ensure!that!no!funcSonality!is!missing.!The!program!will!be!tested!to!minimise!the!
chance!of!soDware!bugs!or!other!errors!which!will!negaSvely!impact!performance.
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

3.1.1.2 The	inputs	to	the	OperaVonal	Mode	will	be:
● SelecVon	of	an	aircraF	that	will	conduct	spray	operaVons;
● A	single,	Vme-invariant	wind	speed;	and
● A	single	Vme-invariant	wind	direcVon.

Full	compliance AddiVonal	inputs	were	idenVfied	as	
being	required:
● AircraF	heading
● AlVtude	(opVonal)
● AircraF	velocity	(opVonal)
● Safety	Factor

3.1.1.3 The	output	from	the	OperaVonal	Mode	will	be:
● Advice	on	the	likely	maximum	extent	of	driF	transverse	to	

the	direcVon	of	spraying	as	a	single	number	(no	graphical	
output).

Full	compliance AddiVonal	outputs	were	
implemented:
● Whether	the	selected	aircraF	is	

operable	for	spraying	in	the	
input	condiVons.

● The	maximum	driF	extent	in	
line	with	the	direcVon	of	
spraying.	

● The	distance	and	direcVon	the	
point	of	maximum	spray	driF	
extent.
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

3.1.2.2 The	inputs	to	the	Planning	Mode	will	be:
● SelecVon	of	an	aircraF	that	will	conduct	spray	operaVons;
● Forecast	meteorological	data	over	the	intended	run	period	

as	either:
○ single-value	Vme	series	of	wind	speed	and	direcVon;	or
○ gridded,	Vme	series	of	wind	speed	and	direcVon	over	

the	area.
● Forecast	oil	spill	trajectory	data	or	projecVons	of	locaVon	of	

oil	over	the	intended	run	period.
● The	definiVon	of	an	area	where	spraying	is	acceptable.

Full	compliance AddiVonal	inputs	were	idenVfied	as	
being	required:
● AircraF	heading
● AlVtude	(opVonal)
● AircraF	velocity	(opVonal)
● Safety	Factor
Forecast	data	including:
● Sea	state
● Visibility
● Wind	speed	and	wind	direcVon	
● Time
Advice	from	OSROs	indicated	gridded	
meteorological	data	was	not	readily	
available	during	oil	spill	response	
operaVons.

3.1.2.3 The	outputs	from	the	Planning	Mode	will	be:
● A	map	layer	indicaVng	the	intersecVon	of	the	forecast	oil	

spill	impacted	area,	and	the	area	predicted	to	be	impacted	
by	driF.

● A	list	of	conVguous	windows	during	daylight	hours	where	
meteorological	condiVons	are	conducive	to	spraying.

Full	compliance A	single	map	layer	is	generated	as	the	
output	of	the	planning	mode.	The	
area	impacted	by	spray	driF	includes	
all	areas	from	the	forecast	period	
provided	as	input.
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

4.2.2 The	soluVon	Vme	for	the	DST	shall	be	within	5	minutes	per	
airframe	configuraVon	for	the	single	wind	speed	and	direcVon	
condiVon	(operaVonal	mode).	

The	soluVon	Vme	for	the	DST	should	be	within	15	minutes	per	
airframe	configuraVon	(planning	mode).	

Full	compliance TesVng	indicates	that	the	DST	when	
run	on	a	3.1	GHz	Intel	Core	i7	
achieves	the	following	runVmes:
● Less	than	1	s	in	operaVonal	

mode.
● Less	than	10	s	in	planning	

mode	for	a	test	forecast	file	
with	100	forecast	data	points.

4.2.3 The	predicVon	of	extent	of	dispersant	driF	distance	at	the	sea	
surface	shall	be	set	from	the	99th	percenVle	horizontal	spread	of	
the	dispersant	parVculates	from	the	aircraF	flight	path.	This	
distance	shall	be	rounded	up	to	the	nearest	50	F.	

The	DST	development	should	include	the	possibility	of	a	
concentraVon	gradient	output.	Note:	This	is	a	preference	that	was 	
raised	at	the	Working	Group	MeeIng;	whether	is	it	included	in	the 	
final	program	will	depending	on	its	feasibility	with	the	CFD 	
technique	implemented.

ParVal	Compliance The 	 extent 	 of 	 spray 	 driF 	 was	
determined 	 by 	 the 	 point 	 at 	 which	
99	% 	of 	 the 	mass 	of 	 released 	 spray	
behind 	 the 	 aircraF 	 has 	 been	
deposited.	An	extent	perpendicular	to	
the 	aircraF	track	and	parallel 	 to 	the	
aircraF	track 	have	been 	rounded 	up	
to	the	nearest	50	F.

The	architecture	of	the	DST	has	been	
developed 	 such 	 that 	 only 	 minor	
alteraVons	to	the	database	structure	
would 	 be 	 required 	 to 	 provide 	 a	
concentraVon 	 gradient 	 output.	
However,	ConcentraVon	gradient	was	
not	developed	in	this	scope	of	work.
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

4.2.4 The	DST	shall	be	able	to	predict	dispersant	driF	from	the	following	
airframes:
● Air	Tractor	AT-802;
● Lockheed	C-130	A	Hercules;
● Douglas	DC-4;	and
● Douglas	DC-3.
● The	specific	configuraVon	of	each	airframe	will	be	included	

as	a	data	sheet	accessible	from	within	the	tool.

Full	compliance

4.2.6 OperaVonal	Limits:	
● Maximum	head	wind	speed	-	35	knots.	
● Maximum	crosswind	(up	to	90o	from	direcVon	of	travel)	

speed	-	20	knots.	
● Seastate	limit	-	10F.	
● Visibility	limit	-	3nm.	
● Ceiling	limit	-	1000F.

Full	compliance AddiVonal	operaVonal	limits	were	
included	following	advice	from	
OSROs:
● No	spray	operaVons	in	tail	wind	

condiVons
● OperaVons	only	within	the	

regulatory	guidance	airspeeds	
and	alVtudes.
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

4.2.6 Airframe	Limits:
● Dispersant	pump	rate	–	3	to	7	gal	per	acre.
● Spray	nozzle	configuraVon.
● Droplet	size	–	300	to	700	um.
● ApplicaVon	ground	speed	–	120	to	180	knots,	150	knots	

median.
● Dispersant	release	height	–	50F	to	100F,	75F	median.

Category	2	limits	are	airframe	specific	and	may	vary	during	
operaVons,	due	to	environmental	influences,	in	order	to	opVmize	
dispersant	spray	applicaVon.

Note:	The	CFD	model	will	not	capture	turbulent	droplet	break	up. 	
In	the	absence	of	advice	from	the	operators	on	the	typical	droplet 	
size	distribuIon,	AMOG	will	employ	a	generic	distribuIon.	The 	
droplet	size	distribuIons	used	will	be	the	ASAE	Medium	to	Coarse 	
distribuIon,	which	includes	droplets	in	the	size	range	for	300	to 	
700	microns	with	a	median	droplet	size	of	400	microns.	This	will 	
include	finer	fracIons	and	coarser	fracIons	as	part	of	the 	
distribuIon.	

Full	Compliance The	operaVonal	limits	are	specific	to	
each	airframe,	in	terms	of	applicaVon	
ground	speed	and	dispersant	release	
height.

4.2.7 The	DST	shall	be	able	to	predict	dispersant	driF	for	one	airframe	
per	simulaVon.

Full	compliance

4.2.8 The	DST	program	shall	be	able	to	determine	dispersant	driF	for	at	
least	the	length	of	the	maximum	distance	of	a	dispersant	spray	
run	for	the	airframes	listed	in	SecVon	4.2.4.	

Full	compliance Due	to	the	architecture	of	the	DST,	
there	is	no	limit	on	the	length	of	spray	
runs	for	which	driF	can	be	predicted.	

4.2.9 The	DST	program	shall	predict	dispersant	driF	for	a	single	spray	
system	configuraVon	per	airframe.

Full	compliance
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Table	D1	:	VerificaVon	Of	DST	Performance	Against	Requirements	SpecificaVon

Reference1 Requirement DST	Performance Notes

4.2.10 The	DST	program	shall	be	able	to	model	1	dispersant	type,	as	
follows:
● Corexit	EC9500A.

Full	compliance

4.3 The	DST	program	shall	be	able	to	accept	one	of	the	following	
available	sources	of	wind	environmental	informaVon	from	the	
NOAA	NWS	(NaVonal	Weather	Service)	website.	Two	different	
environmental	data	sources	are	available	from	the	NOAA	NWS,	
AviaVon	Weather	Center	and	the	NWS	Marine	Forecast.	An	
example	file	image	for	each	of	the	available	data	forms	is	shown	
below	in	Figures	1	and	2.	
The	choice	of	which	data	form	to	be	used	in	the	final	version	of	
the	DST	program	is	to	be	determined	in	a	later	development	of	
this	project.

Full	compliance Forecast	data	input	into	the	DST	is	in	a	
.csv	format.	The	required	variables	
match	the	NWS	Marine	Forecast	data	
type	from	NOAA	NWS	but	require	the	
user	to	amalgamate	the	data.

The	NOAA	NWS	AviaVon	Weather	
Centre	data	does	not	include	the	full	
data	set	required	to	define	the	
operaVonal	limits	of	offshore	
spraying.

4.3.2 The	DST	program	shall	be	usable	on	the	following	operaVng	
systems:
● Windows	7	
● Mac	OS	X	–	Mountain	Lion	and	Yosemite.

Full	compliance

4.4.1 The	program	should	be	wriWen	in	such	a	way	that	the	following	
addiVonal	items	can	be	added	to	or	modified	easily:
● Airframes.
● Rounding	to	nearest	50	F.
● Dispersant	Type.

Full	compliance The	architecture	of	the	DST	allows	for	
addiVonal	data	sets	to	be	input	with	
minimal	rewriVng	of	the	code.

Notes:	
1. Each	requirement	is	referenced	against	the	relevant	secVon	of	the	Requirements	SpecificaVon,	as	included	in	Appendix	C.
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